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2ABSTRACT
An investigation has been made into the nature and 
extent of solid mixing in a series of cylindrical and tapered 
fluidised beds9 the operating variables being solid flow rate, 
fluidising gas rate, bed height and taper of bed profile0
Exploratory work was carried out using spherical 
particles of glass coated with a tracer dye0 The main body 
of the work was, however, performed using an entirely new 
method which enables the solid outflow from the bed to be 
analysed continuously, thus providing a great saving in time, 
and a considerable improvement in accuracy of analysis0
An attempt is made to fit.the results to a hypothesis 
which attributes the mixing process in a fluidised bed to a 
diffusion type mechanism0 Treatment of the results by three 
different methods is undertaken, in order to eliminate any 
shortcomings inherent in such methods and also to provide a 
quantitative comparison between them*.
The diffusional hypothesis is shown to give a good 
representation of the mixing process for the range of variables 
studiedo
Further, a new set of design criteria are suggested, 
for the equalisation of fluidisation quality throughout deep 
beds0 A comparison is also made between beds of this new 
design and those designed according to earlier workers«
3TABLE OF CONTENTS
Chapter Page No.
1 (a) Introduction. 5
(b) Literature Survey. 9
2 Scope of the present work. 38
3 Theoretical considerations. 43
4 (a) Choice of apparatus and equipment. 72
(b) Description of apparatus. 79
(c) Design of Bed Taper. 89
(d) Manufacture of Tapered Tubes. 94
5 (a) Outflow analysis for Ballotini System. 104
(b; Outflow analysis for Cu-Ii System. 107
(c) Calibration of Detector. 112
(d) Definition of Minimum Fluidising Rate. 118
6 (a) Experimental Technique. 129
(b) Treatment of Material. 137
(c) Density Measurements. 142
(d) Reproducibility of Results. 147
7 (a) Ballotini Results. 152
(b) Experimental Results from Cylindrical
Beds» 15^
(c) Experimental Results from Harwell
Tapered Beds. 202
(d); Experimental Results from Ideal
Tapered Beds. 218
8 (a) Mathematical Treatment of Results. 235
(b) Comparison of Methods of Treatment. 241
f c ) Limitations in Methods of Treatment. 245.
(d) Graphical presentation of
. calculations. 249
9 (a) Discussion of Results. 268
(b) General Discussion. 278
10 Conclusions. 293
4ACKNOWLEDGMENTS
The author would like to express his appreciation 
of the many stimulating discussions with, and helpful 
suggestions proffered by, Dr* So Ro Tailby, PhoDo, PoRoLCo, 
MoIoChemoEo, M.InstoFo in his supervision of this work°
Thanks are also due to Mro C« H. Chesterman and 
Mr. So Ro Grazynski for their assistance in the construction 
of much of the apparatus; also to Mrc W* Sledziewski for his 
invaluable assistance in photographic matters0
5Chapter 1 
INTRODUCTION
Fluidisation, although conceived and applied in the 
1930’s in the gasification of coal, did not gain a firm foothold 
in the manufacturing chemical industry until the early 1940's 
when it was used in the large-scale catalytic cracking of heavy 
petroleum fractions, since which time it has gone from strength 
to strength, continually findipg new applications for its 
manifold advantages, these being:-
(1) Isothermal conditions within the bed at most normal 
fluidising gas rates.
(2) High rate of heat transfer, to bed walls and to the 
fluidising medium, this being especially advantageous 
if the medium is a gas.
(3) Lower dissipation of energy through the bed than for 
an equivalent fixed bed.
(4 ) Simplicity of equipment design and manufacture.
(5) The ease with which large quantities of solids may 
be transported to or from the bed, in dilute phase 
suspension. This provides a very efficient utilisation 
of sensible heat, and is convenient for the development 
of any continuous process.
(6) - High heat capacity of solid bed when fluidised by gas,
this being of great use in quenching both solids and 
gases o •,
------------------------ ---^ .-r--..-> - -_- ___________________  _________________  ____________________
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Unfortunately some of these advantages may also be 
regarded as disadvantages, depending upon the process require­
ments. The production of isothermal conditions within the 
reactor is a consequence of the high degree of solids 
turbulence, this not being a matter of great concern when the 
required product is gaseous. However, when the product of 
interest is the solid, as it is for instance in the reduction 
of uranium oxide and the drying of solids, the degree of 
solids turbulence is of paramount importance. As may well 
be envisaged, in the latter case each particle should be 
required to spend an optimum period of time in the vessel.
How where a state of violent turbulence exists and the solids 
are well mixed it will be clear that some particles will spend 
a lesser and some a greater period of time in the vessel than 
this optimum value, this being an undesirable state of affairs. 
The same remarks apply in the situation where a chemical 
reaction is taking place, although over processing may not be 
harmful from the point of view of its effect on the nature of 
the product or its condition. Making allowances for the 
possibility of some particles being under processed in a 
reactor which is designed on the basis of plug-flow will lead 
to the final over design of the reactor for a given percentage 
conversion. The most likely dimension to be increased being 
that of length; this in turn increases pressure drop through 
the bed, which results in a rise in pumping costs and in many 
cases an unevenness of fluidisation. All this being apart from 
the extra cost of the larger plant required.
7In order to overcome some of these difficulties 
the idea of the tapered bed was conceived (1), the principle 
behind its design being that uneven fluidisation is due to 
the increase in superficial gas velocity as the gas rises 
through the bed, this being associated with the decrease in 
gas pressure with its attendant increase in volume. To reduce 
this effect it was proposed to increase the cross-sectional
area of the bed at such a rate that the increase in gas volume
would be accommodated, and a constant superficial velocity be 
maintained.
A parabolic curve for the bed profile results if 
these design criteria are obeyed. It is of interest to note 
that the bed for which results are quoted in (l) does not 
conform to these criteria, it being considerably under-tapered, 
and with a profile which was a straight line, not parabolic as
this theory demands. Nevertheless very encouraging results
were obtained with this profile.
Work inspired by this success was then commenced at 
Harwell (2) by Rowe and Sutherland. The profiles used by these 
workers, however, conformed very closely to the calculated 
values. The results they obtained also showed that tapering 
produced a definite decrease in the amount of solid mixing 
taking place, although the effect was confined to deep-beds 
and only in the range of air flows 1.0 - 1.2 GQ . It is 
unfortunately'not yet known, though it seems quite probable 
that the admirable isothermal properties of normal fluidised 
beds will not be retained by those exhibiting decreased rates
8of solid mixing, as heat dissipation or distribution within 
the bed is effected by dispersion of the solid particles 
themselves, rather than by its removal or transfer by the 
fluidising medium, especially in the case of a gas.
It was thus in an attempt to clarify the picture of 
solids mixing in fluidised beds, and to provide a comparison 
between tapered beds and those of conventional design, that 
this work was undertaken.
9LITERATURE SURVEY
The literature of fluidisation has, in the short 
time the process has been commercially exploited, been 
produced at a prolific rate* Despite this the fundamental 
mechanisms of the fluidisation process, especially in the 
field of solid mixing, are still not well understood* Initially 
most of the work carried out was on the subject of flow through 
fluidised beds, pressure drops, effect of particle size 
and bed height. The next topic to receive attention was that 
of heat transfer, followed shortly by mass transfer. The 
problem of mixing within the fluidising medium itself received 
fairly early and thorough attention, the general consensus of 
opinion being that in shallow beds quite an appreciable amount 
of^back mixing occurred, whilst for deep beds the flow was 
closer to plug flow modified by some mixing process.
Solids mixing has even to the present date received 
only scant attention experimentally, although a fairly consider­
able number of theoretical papers have been published. The 
reason for this is that the problems involved in measuring the 
response of the system to a step function, pulse of tracer or 
sinusoidally varying inlet concentration involved very tedious 
analysis of the solids outflow composition. This considerably 
restricted the scope of any investigation, and thus halted it 
at the planning stage. This is also indicated by the relatively
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large amount of work performed on mixing in liquid fluidised 
beds, since the continuous analysis of a liquid stream is a 
simple matter in most cases* Also it greatly facilitates the 
use of frequency response techniques which are not readily 
adapted to the study of solids mixing*
Two text books, that of Max Lever (Fluidisation) and 
that of Zenz and Othmer (Fluidisation and fluid particle 
systems) have been published in the last three years, together 
with three very comprehensive surveys by Franz (3)> Botterill
(4) and Tailby (5), each of these three covering the whole 
field of fluidisation* It is proposed that this survey only 
concerns itself with the topic of mixing in fluidised beds and 
those parts of the field ofimmediate consequence in this work, 
since the remaining literature is of such an extensive nature, 
and has already been adequately remarked upon.
Giliiland and Mason (6) were among the first to study 
gas mixing in fluidised beds, using air as the fluidising medium 
with helium acting as a tracer. They found that by taking 
samples at various points throughout the bed no satisfactory 
pattern emerged except that back mixing occurs together with 
by-passing. Thus they sampled only at the outlet in later 
runs and found that for fixed beds of glass beads it was 
possible to consider that plug-flow occurred, being only —  
slightly modified by some other mechanism. However, for 
shallow fluidised beds they found that a combination of mixing
. .. i-l'J ..JM&gg
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and considerable by-passing in the form of large bubbles took 
place. The effect of increasing aspect ratio was shown to be 
to increase the tendency towards plug-flow as would be expected 
from theoretical considerations. Increase in particle size 
was also found to increase the tendency to plug-flow, although 
this conclusion was based upon runs at constant superficial 
gas velocity, and as larger particles require a greater 
superficial velocity to fluidise them than do smaller ones, 
the net effect is that of fluidising the larger particles at 
lower values of G0. As would be expected the lower the G0 
value the less the degree of mixing experienced.
Dankwerts, Jenkins and Place (7) describe residence 
time studies of fluidising gas in an industrial catalyst 
regenerator, using helium as a tracer. In this work they found 
that none of the gas spent less than 25i° of the mean residence 
time regenerator and that only 5i° spent less than half the mean 
residence time. This indicates that the gas was far from 
perfectly mixed, and that no effective back mixing took place 
between the top and bottom of the regenerator. On such a large 
scale as this it is to be expected that perfect mixing in a 
radial direction would not occur. The authors acknowledge 
that there exist many sources of error in work on this scale, 
the bed being 40 feet in diameter. However, most of these " 
errors, if present, would tend to increase the impression of 
mixing rather than that of plug-flow. Thus it can be seen that 
in this case a fairly close approach to plug-flow is made.-
Deisler and Wilhelm (8) studied gas flow through a 
5 cm. diameter bed of porous Horton Catalyst spheres, using a 
mixture of hydrogen and nitrogen as tracer, the concentrations 
of these two gases being varied periodically and sinusoidally 
with time. The diffusion mechanisms taking place within the 
bed cause a decrease in amplitude and a shift in phase, angle of 
the concentration wave as it passes through the bedo The 
results of this work indicated that the longitudinal diffusion 
coefficients were larger than the molecular diffusivities of 
the different gas compositions used. However, there was no 
significant difference between the longitudinal diffusion 
coefficient and the molecular diffusivity for beds of non- 
porous solids. The difference between porous and non-porous 
probably is caused by a capacitance effect due to diffusion
into the pores of the catalyst.
In a discussion of techniques available for the study 
of mixing patterns in industrial plant Singer, Todd and Gwinn
(9) found that for high temperature tagging of catalyst
particles, both gamma emitting isotopes, Scandium 46 and 
Cerium 144 were entirely suitable, being unaffected by the 
elevated temperatures encountered. They also found that dense 
beds in regenerators and reacotrs displayed mixing patterns 
closely approaching perfect mixing, but that owing to the -~ 
difficulties involved in ensuring even solid feed distribution 
over the surface of the bed some of the catalyst by-passed the
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bed, especially in the larger vessels studied. The introduction 
of radial baffles into the vessel tended to promote plug-flow. 
Another paper from the same department as the last, this time 
the authors being Overcc.shier, Todd and Olney (10), extends 
this work to study comprehensively the effects of baffles in 
equipment on a somewhat smaller scale, the vessels used being 
16 inches in diameter with a series of circular perforated 
baffles, either short sections of tube or rectangular slots, 
comprising the free area in the baffle surface. Their work 
indicated that the distribution of solids residence times could 
be narrowed down considerably to approach a discrete value with 
an ever-increasing number of baffles, even if each stage were 
regarded as exhibiting perfect mixing. It was also found that 
mixing was not equal in each section, the greater degree of 
mixing occurring in the upper sections of the bed. This was 
attributed to the damping effect on solid movement exerted by 
the superencumbent solid layer, which of course increased in 
depth with proximity to the base of the bed. This leads to a 
tendency to reduce the movement ,of solids at lower levels.
Also, as other work has shown, the gas expands on its passage 
upwards through the bed, causing an increase in interstitial 
velocity, with an attendant increase in the turbulence of the 
system, this also seeming a plausible explanation of the above 
phenomenon.
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An additional feature of the baffled bed is that a 
zone of low solid density is to be found in each section 
immediately below a baffle. Solid flow downwards through a 
baffle such as was used in this work was found to be a function 
of fluidising gas velocity, passing through a maximum in the 
range 5 - 7 ft./sec.
Massimillia and Bracale (11) performed a series of 
experiments, designed to ascertain the value of solid 
d.iffusivities by the method proposed by Trawinski (12), who 
established that the diffusivity of a solid phase is a linear 
function of the product of bed expansion and gas velocity, up 
to the point where the bed ceases to be in a homogeneous state. 
For unrestrained beds at fluidising rates between G0 and 
1.2 G0 diffusivities in the range 0 . 1 0 - 0 . 1 ?  metres^/hour 
were obtained. With baffled beds a distinct reduction in 
diffusivity is observed for the range of fluidising rates G0 
to 1.5 the values obtained lying between 0.08 - 0.54 
metres^/houro The authors conclude that the baffled system 
lent itself particularly to the case of heterogeneous catalysis 
in which it is desirable to limit longitudinal mixing within 
narrow bounds. It is also likely that a highly exothermic 
reaction could be performed in such a reactor owing to the 
rapid particle motion observed within each section of the be-do 
^ Such is not the case with the unrestrained bed, where the two 
ideals of good heat transfer and limited longitudinal mixing
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are not compatible. The values given above for the longitudinal 
diffusivities are in good agreement with those obtained in this 
work*
In a study involving the use of frequency response 
techniques McHenry and Wilhelm (13)> using hydrogen-nitrogen 
and ethylene-nitrogen gas pairs found that by comparing their 
values for axial diffusivities with other published data for 
radial diffusivity, the former exceeded the latter by a factor 
of about six. Also that in the range of Reynolds numbers above 
100 the axial diffusivity was greater than 30 times that due to 
molecular diffusion, and that at low Reynolds numbers, if 
other side effects such as natural convection could be 
eliminated, the curves for molecular diffusion and axial
diffusion would merge into one.
Cholette and Cloutier (14)> although not concerned 
in their work with fluidised beds, developed a theory for 
various mixing conditions which can be applied to systems 
other than those of specific interest to the authors. The 
experimental work they describe took place in agitated vessels 
of liquid, being continuously fed and discharged. It was 
found that if the F-diagram was plotted on semi-logarithmic 
graph paper, the coordinates being relative concentration 
(logarithmic scale) and reduced time (linear scale), a straight
line resulted which could be defined by
c/CQ = (n)exp - nqt/mt
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for a fraction of the total volume undergoing perfect mixing, 
where ^/C0 is the relative concentration of the exit stream, 
n is the fraction of the feed entering the zone of perfect 
mixing, q the volumetric flow rate, t the elapsed time, v the 
total volume of the vessel and m is the fraction of the material 
that is perfectly mixed. Similar equations are derived for 
other commonly encountered states such as partial mixing with 
plug-flow, partial mixing with short circuiting and several 
other combinations.
This method of interpretation of results offers 
great assistance to designers of agitated plant, as it is 
immediately clear from the plot of one or two F-diagrams what 
the mixing process is* or what combination of processes is 
taking place. Thus optimisation of equipment and other 
variables can be achieved in a relatively short space of time.
In two works (15)> 06), Levey et al. describe solids 
residence time studies performed in tapered and cylindrical
beds, and also produce design equations for various different
/
flow and reaction conditions. The tapers used are, however, 
plain and do not conform to the parabolic profile demanded by 
the design criteria, so that their production was greatly 
simplified. The glass bed they describe in which fluidisation
  of uranium oxide was undertaken.was considerably Under tapered,-
the dimension Used being 5 inches diameter base tapering 
Uniformly in 6 feet to a diameter of 6 inches* Using the
17
figure they give for pressure drop per unit height of bed of 
1o75 pounds per square inch, the larger diameter should be 
6 <>55 inches if the interstitial velocity of the fluidising gas 
is to be maintained constant* The encouraging results obtained 
with this bed reinforce the theory put forward later in this 
thesis that constant interstitial velocity is not the only 
criterion for a tapered bed, designed to maintain uniform 
fluidisation throughout its entire length. The bed used by 
Levey as mentioned above conforms almost exactly with the 
theory advanced later as to the nature of the design criteria, 
with regard to the two terminal bed diameters.
The incorrect bed in which conversion runs were made 
was five feet in height and tapered from six inches to five 
inches in diameter over this length. This bed also was under- 
tapered, based on the design equations put forward in their 
own paper; the top diameter should have been 6.275 inches.
Or if these dimensions were chosen as a best fit compromise to 
the parabolic profile the bed will be over-tapered at the base
and under-tapered at the top, but to a lesser extent than in
the previous case.
Nevertheless, the results obtained showed a consider- 
table improvement over the cylindrical bed, a fact that is all
the more noteworthy bearing in mind the turnover time of longer
/
than three hours. It is not, however, possible to obtain a
full picture as there is some doubt as to the fluidisation
18
verlTTcities used in terms of G0 . It would appear that those 
velocities used were only very slightly above the minimum 
fluidising velocity, since the lowest velocity was used which 
produced a pressure drop across the bed equivalent to the bed 
weight.
More recently work has been performed at Harwell by 
Sutherland (17) on solids mixing in tapered beds of dense 
material, copper making up the main body of the bed with 
nickel as tracer. These beds were accurately profiled and 
designed on the basis of maintaining constant interstitial gas 
velocity throughout the length of the bed. The method of 
comparison of mixing performances was the production of 
C-diagrams, i.e. the injection of a pulse of tracer as opposed 
to a step function of inlet concentration for the production 
of F-diagrams. This was due to the fact that a static bed was 
used, samples being withdrawn at various points below the bed 
surface. As may well be imagined, the samples taken from three 
inches above the distributor plate can be subject to considerable 
end effects.
The conclusions that were drawn as a result of these 
experiments were that it was doubtful whether tapering has any 
effect at bed heights below two feet and that it only.has a . 
pronounced effect at bed heights above four feet at. gas rates 
lower than 1.15 G0 . The effect is certainly better defined in 
the six foot beds and extends to about 1.2 G0 .
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Similar results were obtained in work on beds with 
tapered and cylindrical inserts. At a bed height of two feet 
there was found to be no significant difference between the two. 
However, in the six foot beds a distinct effect may be observed 
and this apparently extends to higher fluidising rates than 
was found to be the case of tapered beds.
May (18) studied solids mixing rates in an industrial
size reactor, especially designed for the series of experiments
\
he describes, the dimensions of the reactor being five feet in 
diameter and up to 32 feet in height. Particles tagged with 
radio-active Iodine-132 were used as tracers. Two important 
assumptions were made, one that the tagged particles were 
injected uniformly over the whole surface of the bed, and second 
that the solids travelled through the bed under the influence 
of some diffusion type mechanism, the diffusion coefficient 
being constant across the bed. Scintillation counters which 
"saw" a thin horizontal section of the bed were connected to 
strip chart recorders which charted the downward passage of the 
tracer. It was found that for a given particle size and 
fluidisation rate the diffusion coefficient increased with bed 
diameter, from about 0.8 ft.2/sec. for a one foot diameter bed 
to 5 ft.. 2 / s e c ,  for a five foot diameter bed, the bed height 
being 32 feet in each case.
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Further work was carried out using Helium gas as a 
tracer, and measuring its residence time in the bed. The 
results obtained by the use of this method showed the F~ 
diagrams of Helium concentration decay to be almost identical 
with curves predicted by the diffusional hypothesis0 These 
curves were plotted after the method of Cholette and Cloutier 
(14) on semi-logarithmic coordinates and the slope of the 
straight line portion determined, the results checking well 
with the theory developed in the article.
Liquid mixing patterns in fixed and fluidised beds 
are the subject of two papers by Cairns and Ptfausnitz (19)9 
(20)o They injected a solution of an electrolyte through a 
series of hypodermic needles equally spaced across the flow 
plane in order to produce a plane source of step function 
input. This method also enabled them to measure the longitudinal 
eddy diffusivity which they report in (19)y the profile being 
much less flat in the case of fluidised beds than for fixed 
beds. Under conditions producing the greatest deviations from 
a flat velocity profile the ratio of longitudinal to radial 
eddy diffusivity is of the range of 20 to 20. Eddy diffusi- 
:vities obtained in this work were in the range 0.5 - 
200 cm. /sec. for glass and lead spheres fluidised with water, 
the longer tube exhibiting greater values owing to increased 
particle mobility. A very strong connection was found to 
exist between diffusivity and the density and concentration of
21
particles in the beds*. It was concluded that the fluidised 
bed may be considered as an intermediate stage between the 
fixed bed and open tube.
In the second paper (20) the authors develop an 
expression for arriving at the Peclet number of a given system, 
involving much less calculation than previous methods. They 
then test the theory, in experiments oh two inch and four inch 
diameter packed beds of spheres 1.3 mm*, 3»0 mm., 3°2 mm. 
diameter. The method they use is not subject to the limitation 
of a flat velocity profile. It is also shown that previous 
workers’ values for eddy diffusivity obtained using radially 
integrated concentrations are too high owing to the existence 
of a velocity profile.
Carberry and Bretton (21) propose a mathematical 
model on the basis that a fixed bed or fluidised bed exhibits 
a capacitance effect, which accounts for the ’’tail” found in 
many experimental F-diagrams, this not being accounted for by 
other theories. This model they call the ’’void cell” model. .. 
They develop the model to obtain equations which are then 
tested experimentally, resulting in good agreement between 
theory and practice. Also included in this work is a valuable 
comparison of much of the earlier work in this field,, which.is 
presented graphically. It was deduced that in the case of 
gases "void cell” mixing was a function of both turbulence 
as characterised by the Reynolds number and of molecular 
diffusivity.
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In an extension of much earlier work on the subject 
Yagi and Kuni (22) report a series of residence time studies 
on gas fluidised beds both for a discrete particle size and a 
wide spectrum of particle sizeso It was found that, contrary 
to generally held beliefs, the residence time of very small 
particles was not materially less than for large particles 
which were not liable to be elutriatedo This was established 
by conducting residence time studies on both bed overflow and 
carry over streams, also by measuring the particle size 
distributions within the samples0 The rate of elutriation was 
found to be proportional to the percentage of fines in the bed° 
However since the solids take-off from the bed was at its 
upper end it would be expected that the particles most likely 
to flow into it would be those of small size, since some degree 
of segregation in the bed must be expected, especially with a 
wide particle size range, as used hereo ; This was shown to 
occur to a quite marked extent by Gray (23)® Although small 
particles do spend a shorter time in the bed owing to their 
ultimate elutriation this does not in practice reduce the 
efficiency of the conversion greatly, since the time for the 
complete reaction of small particles is normally less than 
that for large oneso Thus ideally the residence times should 
be distributed according to time required for complete reaction, 
a course which is unfortunately not attainable in practice; or 
alternatively a small size range should be used in conjunction
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with a narrow spread of residence times. This? of course, 
has its disadvantages too, as a large proportion of fines is 
considered essential for good quality of fluidisation, apart 
from which a narrow spread of residence times is not readily 
achieved in most applications.
In two subsequent papers (24)» (25) the same authors 
go on to discuss the conversions to be expected with size 
distributions of the type previously mentioned, and then to 
compare the theoretical results with those obtained in some 
experimental conversion runs.
Massimillia and Johnstone (26) describe work performed 
on the oxidation of ammonia in baffled and unbaffled fluidised 
beds of 4.5 inches in diameter and 43 inches high. The baffled
beds were found to give from 10fo to 4-Ofo improvement in
conversion over the unbaffled beds. Had the solid been the 
product of interest, the conversions could be expected to be 
improved to a much greater extent by the use of baffles.
Owing to the exothermic nature of the reaction studied it was 
not possible to extend the work to embrace low fluidising 
velocities in the baffled beds; however it was found that an 
optimum fluidising rate exists for maximum conversion. It is 
also suggested that at low flow rates a stirred reactor might
lead to an improvement in conversion.
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The development of a method of analysis of the 
behaviour of a rotating disc contactor by Westerterp and 
Landsman (2j)9 with regard to the residence time distribution 
of the liquids within it, involves the use of the same equations 
and boundary conditions as are found in this worko The method 
they advocate and its derivation may be found elsewhere 
(Chapter 3)° It was found that their results could be explained 
by considering the mixing process as plug-flow with apparent 
axial dispersion with rotation contributing to modify ito The 
method described has the advantage of simplicity and speed of 
analysis, although it may lead to false conclusions unless it 
is used with care0 For a discussion of the shortcomings 
inherent in this and other methods of mathematical analysis 
used in this work, turn to Chapter 80
Kramers et a L  (28) performed some work on the 
mixing patterns of liquids in agitated vessels Oo32 metres and 
O 064 metres in diameter, the measurement of the degree of 
mixing being made by the response of two conductivity cells in 
a tank of weak electrolyte to which a pulse of strong electro- 
slyte was addedo The two cells were diametrically opposed to 
one another, one at the top and the other at the base of the . 
tanko The results obtained were of little significance, 
except on a relative basis to other results obtained with
\
similar apparatus and measuring techniques0
Kramers and Alderba (29) evaluated the distribution 
of residence times in a continuous flow system by studying the 
behaviour of longitudinal concentration gradients on their 
passage through the system* a frequency response technique 
being used* A constant main stream flow had imposed upon it a 
small sinusoidally varying quantity of strong'electrolyte* the 
response being detected by means of a conductivity cello The 
results indicated that the longitudinal diffusivities were of 
an order of magnitude greater than those obtained by Wilhelm 
(JO) for radial diffusivities in packed beds of spheres0 As 
with radial diffusion* it was found that a connection exists 
between the longitudinal diffusion and liquid velocity0
Taylor in two papers (31)» (32) paved the way for 
much subsequent worko In these papers he first discusses the 
case of plug-flow in a liquid with molecular diffusion modified 
by the liquid velocity profile across the tube., Experimental 
work with potassium permanganate solution led to results which 
were in good agreement with those published by other workers 
and obtained by different techniques 0 This first paper was 
concerned with streamline flow? in the second* however* he 
extends the analysis to cover the case of turbulent flow* 
producing a relationship essentially the same as that obtained 
by Dankwerts (33) and more fully discussed in Chapter 3=
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Aris and Amundson (34) show both theoretically and 
as a result of practical work that the radial Peclet number in 
a packed bed approaches a value of about 11» Further* that if 
it is assumed that the interstitial spaces in the bed form 
mixing cells* then for high Beynolds numbers the axial Peclet 
number must have a value of about 2« In a packed bed of 
spheres in a rhombohedral blocked passage array the cross- 
section open to flow varies from a minimum at the sphere centres 
of 0 o095 to a maximum of Go413? thus the effect on any one 
particle of fluid is that of passage through a series of jet 
mixerso This increases the turbulence within each cell* in 
which it is assumed that the contents are perfectly mixedo 
This model is not adequate to describe the mechanisms control­
ling mixing in a fluidised bed* but does provide a starting 
point for the introduction of some modifying factors such as 
back mixing* by-passing and velocity profile»
Levenspiel and Smith (35) in their paper arrive at 
similar conclusions to Aris and Amundson* but theirs is a 
diffusion type model based upon the assumption of an infinite 
length reactor* this being a type which finds limited use in 
fluidisatiouo The method of analysis which they propose is 
discussed in detail in Chapters 3 and 8° It can in fact be 
applied to fluidised beds which do not exhibit a velocity 
profile or end effects, a situation not obtaining in this 
worko
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A purely theoretical study is presented by Turner (36) 
in which he proposes a method of analysis based on a frequency 
response techniqueo By measurement of the attenuation and 
phase angle of the output stream signal* for as many frequencies 
as there are values of an unknown variable to be found* and 
comparison of this with the input signal* the variable may be 
computed by the setting up of as many linear simultaneous 
equations as required® From the solution of these equations a 
histogram may be prepared of the distribution of the desired 
variable® As also mentioned, the closer the model approaches 
actuality the more complex will be the mathematics, and the 
more laborious will be the calculations, on account of the 
increased number of variables, and also because of variation of 
the variables within the system®
Levenspiel (37) discusses the importance of back- 
mixing in several types of commonly occurring reactor, and the 
effect it has upon reaction kinetics and design® The Peclet 
number is used as a characterisation of the degree of back- 
mixing, although the spherical vessel and the vessel with large 
end effects have as yet defied attempts at the determination 
of an effective length® From the graphical plots presented 
it can be seen that as reaction order increases so does the 
importance of back-mixing, as would be expected® A warning is 
also included advising caution in the use of scaling up methods, 
as this is likely to result in a change in mixing patterns, and
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increase temperature inequalities throughout the bedo These 
can be allowed for in the development of the model but for 
calculation actual values must be known, or a mean reaction 
rate constant might be used* These difficulties are one more 
indication of the urgent need for reliable data on the scale up 
of fluidised bedso
In a continuation of their earlier work Cairns and 
Prausnitz (58) describe work carried out on apparatus described 
earlier, to investigate the nature of velocity profiles, in 
both packed and fluidised beds of liquid fluidised solids*
For beds packed in close random array the profiles were found 
to be substantially flat with a slight maximum near the centre 
of the tube? it is also probable that the velocity increases 
near the wall owing to the increase in fraction voids* This 
effect could not be detected with the apparatus used, which 
could only approach to within three particle diameters of the 
wall* Bed expansion is shown to have a marked effect on 
velocity profile in loosely packed and fluidised beds; there 
was also some indication that the particle to tube diameter 
ratio is of importance in fluidisation*
Brenner in a recent paper (39) develops a mathematical 
model for diffusion in miscible fluids, contained within beds of 
finite length, with boundary conditions identical to those 
assumed in Chapter 3 in & modification of Dankwerts* initial 
conditions* Brenner's work also contains tabulated values of
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exit and mean bed concentrations for various elapsed times, 
evaluated at different Peclet numbers*
In an article commenting on the diffusion type model 
of Levenspiel and Smith (35) van der Laan (40) extends the 
scope of the analytical method by proposing new boundary 
conditions which deal with the case of a finite reactor length, 
a single value of diffusivity applying over its whole length.
The method is then developed and indications are given as to 
how a practical problem may be solved if the F-curve is already 
known* The method is also applied to the problem worked out in 
the earlier paper, good agreement resulting*
Levenspiel (41), iu a very comprehensive survey of 
fluid flow through reactors, considers the effects of dead 
water, back-mix and plug-flow, together with various types of 
flow through and around these regions, namely, by-pass recycle 
and cross-flow* He shows that by a combination of these various 
models it is possible to obtain great flexibility in matching 
them with the response curves of the vessel of actual practical 
importance* In a special mention of fluidised bed, it is 
stated that whilst the ideal model will be required to fit the 
facts closely, this usually involves the consideration of a 
large number of parameters, which in turn renders the mathematics 
unwieldy, and may have little correspondence with fact in later
v -***« -
predictions. This is especially true with an unrealistic 
multi-parameter model which fits all the experimental data, but 
whose predictions of performance in new situations is found to 
be hopelessly unreliable, at the cost of much computational effort<,
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the criterion for which to aim thus being a simple model 
whose parameters are suggested by the observed performance 
of the actual areas of the vessel to which they are applied*
In a paper (42) Bischoff and Levenspiel discuss the 
boundary conditions and limitations of some of the many models 
created to describe the dispersion of fluids in moving systems* 
Relationships between the models are established, and great 
assistance is given to the would-be experimenter in that all 
the necessary information is provided to enable him to choose 
the model and method of analysis which will best suit his system 
within the prescribed limits of error* Only a pulse or delta 
function of tracer input is considered, as this method is found 
to afford the most convenient means of calculating dispersion 
coefficients from experimental data* Since it is impossible 
in practice to obtain a perfect delta function input, two 
measuring points have been used in this analysis as initially 
suggested by Aris (45) and Bischoff (44) which removes the 
necessity of providing a perfect delta function input*
In an accompanying paper (45) Bischoff and Levenspiel 
extend the work of their■earlier paper in a consideration of 
the relationships involved between the models already discussed, 
and to compare them with less specific models which do not 
assume plug-flow* In some cases when certain conditions 
obtain, and inter-relationships between models hold, it is 
possible to substitute simpler models instead of more cumbersome
ones* Further equations are derived and graphical methods 
provided to enable the ranges of validity of the various 
assumptions made to be determined, the bed aspect ratio, i*e* 
length to diameter ratio, being plotted against Reynolds number*
Re Baun and Katz (46) present a statistical study 
of the attenuation characteristics of mixing systems upon 
random fluctuations of inlet concentration* They calculate 
the residence time distributions to be expected for N equal 
mixers in cascade and develop a method of analysis of experi­
mental data in order to arrive at a value of the equivalent 
number of mixers in any given system*
An evaluation of the boundary conditions often met 
with in three common types of isothermal tabular reactors is 
to be found in a paper by Farr and Aim (47)»'in which they 
compare the results to be expected when these are used in the 
solution of fundamental dispersed flow equations* A further 
aspect of their work is the computation of the expected yields 
from first, second and third order reactions in the reactors 
considered*
Hyman and Carson (48) describe a method of studying 
experimentally the residence time distribution of material 
passing through a continuous flow system* If the response of 
the system outlet as a function of the inlet concentration is 
recorded for further analysis a considerable amount of effort 
must be expended to achieve any subsequent digital analysis.
To overcome this difficulty the response generated by the outlet 
stream, which would previously have been used to actuate a strip 
chart recorder, was used as an input to an on-stream analogue 
computer. Using this method of analysis the first and second 
moments of the residence time distribution are available 
immediately the run is completed. This system is a very close 
approach to the ideal; it is, however, probably well beyond 
the resources of most laboratories. Also if some other method 
is required it is very likely to involve the use of digital 
computation, and for this purpose the set-up would have to 
revert to the strip chart recorder which is the more versatile 
of the two.
Bakker and Heertjes (49) in a paper entitled 
"Porosity distributions in a fluidised bed" first derive a 
theoretical expression for variations in porosity throughout a 
fluidised bed, which is then tested by comparison with some 
experimental data, the two being in good agreement. It was 
found that by using a calibrated condenser of 1 cc. capacity 
attached to a rigid nickel tube and able to be positioned at 
any location in the bed, three distinct zones existed: A zone
immediately above the distributor which was of greater porosity 
than the bed as a whole; next to this was a zone of constant 
porosity which extended upwards to the initial bed height at 
incipient fluidisation; this was followed by a zone of 
increasing porosity which it is possible to characterise by a
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probability function<> It is to be expected that the relatively 
large size of the detector used would have some indeterminate 
effect on the results given, the bed diameter being only 9cm0 
However since fairly good agreement exists between this work 
of Farr et al» (40), who. also investigated the variations in 
porosity through a fluidised bed, using a gamma ray attenuation 
technique, the effect may be assumed to be smallo
Farr and his co-workers observed that there existed 
two distinct density zones in the bed, the density of the lower 
portion of the column being relatively constant and not varying 
with bed height, whilst the density at the top of the column 
fell rapidly with increasing height. The average bed density 
was correlated as a function of the operating variables, and 
the density of the upper zone of decreasing density was 
represented as in the case of Bakker and Heertjes (49) by a 
probability function0
The effort of increasing air velocity was to increase 
the extent of the zone of decreasing density, whilst the height 
of the zone of constant density remained substantially unchanged. 
Static bed height appeared to have no effect' on the rate of 
decrease in density at the top of the bed.
A gamma ray attenuation technique was also utilised 
by Baumgarten and Digford (5“0? their results being in sub­
stantial agreement with those of Farr et al. (50)• this
work, however, the size, frequency and rate of growth of bubbles 
in beds of glass beads and silica alumina catalyst was measured.
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It was shown that bubbles grow chiefly from the influx of 
gas from the dense phase mixture or from the capture of 
bubbles too small to be detected by the methods employed.
The gas velocity drops ultimately in the dense phase to a 
value only slightly greater than that required for minimum, 
fluidisation, the rest of the gas passing as large bubbles.
From what has emerged from the last three papers it 
may be seen that the assumption made later in this work, and 
by many other workers for the sake of simplicity, that the 
diffusivity remains constant throughout the bed, is merely an 
approximation necessitated by the complexity of the mathematics 
involved if it is not neglected.
Tyuryaev and Tsailingol’d (52) report some practical 
work carried out in a study of particle residence times in a 
fluidised bed of aluminic particles using ferric oxide as a 
tracer, a step function of solids inlet concentration being 
used to analyse the behaviour of the bed. It was found that 
their results could be expressed by the relationship:
this being a straight line plot of slope S on semi-logarithmic 
paper. It was also observed that mixing rate increased with 
gas velocity and particle size, and decreased with increasing 
bed height.
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Bowling and Watts (53) describe in this paper 
some residence time studies performed with beds of charcoal? 
the tracer being charcoal tagged with iron, which was separated 
magnetically from the outflow. A 2 inch diameter column was 
employed, use being made of both step function and jump signal 
techniques to produce F- and C-diagrams. All results obtained 
by these authors indicated a very close approach to perfect 
mixing, with some solid by-passing in a few instances. Change 
in bed height from 7 inches to 14 inches had little effect 
except for a slight decrease in mixing rate.
Bart (54) was among the first to perform residence 
time studies on solid particles in a fluidised bed. The bed 
used was 1.25 inches in diameter. The solid was cracking 
catalyst, with sodium chloride impregnated catalyst as a tracer. 
These tracer particles were injected into the centre of the 
bed at a constant rate. When equilibrium had been established, 
samples were taken from the upstream side of the feed point 
and analysed. Under these conditions it was found that Fick's 
law could readily be solved to give the identity
where C is the concentration of tracer at distance from the 
injection point, c is the mean concentration of the bed when 
completely mixed. From this relationship, Bart determined D 
as a function of gas velocity. For air rates between 13 and 
90 cm./sec. he obtained values for D ranging from 6 - 50 cm./sec. 
The results of Massimillia and Bracale (11) and May (18) as
well as those of Bart show no agreement whatever, although it 
must he remembered that the materials used by these workers 
differed widely with regard to size and density, as well as 
the scale upon which they worked. Thus a lack of agreement 
does not necessarily indicate that any results are worthless.
Yagi et al. (55) found that by neglecting a layer of
particles adjacent to the vessel wall a diffusion type hypo-
:thesis could be formulated to satisfy the behaviour of the
core. The particles used were large, 2.6 - 11 mm., compared
with the tube diameter. He obtained values of diffusivity 
* 2
ranging from 10 cm. /sec. for 2.6 mm. diameter silica sand
^2 2
to 2 x 10“ cm. /sec. for 11 mm. steel balls. In each case a 
jump signal of input concentration was used. For much smaller 
particles it should be possible to neglect the layer adjacent 
to the wall, when a diffusion type mechanism might apply to 
the whole bed.
A point which has emerged from this survey is the 
relatively small amount of work carried out on solids residence 
time distributions, this being due, no doubt, to the great 
difficulties involved in the analysis of the bed outflow. It 
is hoped that the method described later in Chapter 3 will 
go some distance in removing this obstacle^ the analysis 
being continuous and the solids outflow being easily separated 
into its component parts. The method is somewhat limited in 
application as it depends upon the ferromagnetic properties of
one of the "bed components. Aluminic and ferric oxide (52) and 
charcoal and charcoal tagged with iron (53) could also be used 
to extend the density range.
Chapter 2
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SCOPE OF THE PRESENT W O R K .......
Those variables thought likely to influence solids 
mixing, and over which it was possible to exercise some 
quantitative control, were listed as below:
(1) Gas rate.
(2) Solids flow rate.
(3) Aspect ratio.
(4) Distributor design.
(5) Diameter of bed.
(6) Bed profile.
(T) Solid density.
(8) Solid shape.
(9) Solid particle size range.
(10) Solid particle distribution.
(11) Fluidising gas density.
(12) Geometry of solids offtake system.
There are, of course, many other factors liable to influence
the mixing process, but probably only to an insignificant extent,
or which vary in a manner as yet not fully explored, such 
variables being humidity of fluidising gas and electrostatic 
effects.
(1) Gas rate was the first choice, as this is from
visual observation a powerful influence on the solids mixing 
behaviour in the bed. Since the primary purpose pf this work
was to examine the relative behaviour of beds of various ~
profiles, it was thought necessary to have as variables those 
quantities which are found most commonly as controlling factors 
in the industrial applications of fluidisation to heat transfer,
mass transfer and reaction * From preliminary work and intuition 
it was thought that above a gas rate of about 1 <>5 G0 the state 
of perfect mixing was closely approached? this was confirmed 
by Sutherland at Harwell (2), who also indicated that the 
advantages of tapered beds were negligible above flow rates of 
1oj G0 o Another factor influencing the choice of maximum gas 
flow rate was the violent slugging which took place in the 
cylindrical beds above 1.5 G0? to accommodate this in the 66 inch 
beds required the provision of considerable free-board, this 
in turn being limited by the maximum head room available, the 
greatest permissible tube length being 8 feet. As a result 
the air rate had to be limited to 1.5 G0o
(2) Bed height was the next variable to be consideredo
It was clear from early exploratory work and theoretical 
considerations that the deeper the bed the closer will be the 
approach to plug-flow given constant gas and solid flow rates.
As has been seen in the previous section, the maximum bed 
height possible was 66 inches. Early work in the cylindrical 
bed Indicated that below a bed height of 18 inches the mixing 
process was very rapid and closely approached perfect mixing at 
low values of G0. As it was also felt that the effect of 
tapering would be reduced by lower bed heights a minimum height 
of 24 inches was decided upon. The number of bed heights 
originally settled upon was five, when it was thought the series 
could be statistically planned. Later work, however, showed
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that the mechanisms involved would not permit of this type 
of analysis, with a reasonable economy of effort, this being 
in the main due to the change in mixing mechanism at the onset 
of slugging, which ruled out the possibility of there being a 
continuous relationship between air rate and hold back or 
diffusivity. In order to locate the break point more accurately 
and gain a clearer picture of the relationship, it was necessary 
to employ a much larger number of gas rates, 10 instead of five. 
This in turn required a reduction in the number of levels at 
which the other variables were to be examined, in order to 
keep the total number of runs to be performed within reasonable 
bounds. It was finally decided that three bed heights would be 
used in the case of the tapered tubes and five for the cylind­
rical bed as this is of more general interest.
It must also be borne in mind that at each bed height 
when using either Harwell or Ideal designs of taper an entirely 
new bed had to be constructed. It was thus desirable to limit 
the number of bed heights on this count also.
(3) Variation of the solid flow rate should, if the
diffusional hypothesis holds good, produce no change in the 
value of diffusivity. In order to test this hypothesis and to 
gain a deeper insight into the behaviour of the fluidised bed 
it was thought necessary to perform at least some of the runs, 
with solid flow rate as a variable. Those runs involving the 
cylindrical beds were chosen for two reasons to test this
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hypothesis. Firstly, the cylindrical bed has a constant cross- 
sectional area, this resulting in a constant solid flow rate. 
The flow rate in a tapered bed would have increased progress­
ively down the column. Secondly because for a given bed 
height the quantity of material that it was necessary to 
process after each run was less than for the equivalent tapered 
bed.
Two values of solid flow rate only were chosen 
roughly in the ratio in order to facilitate comparisons.
(4) Bed taper being the basic variable, it naturally
influenced the choice of the other three. At the outset it 
was proposed to study the effect on mixing of the Harwell 
taper only, and compare results with those obtained for an 
equivalent cylindrical bed. However, since no reliable data 
was available for comparison, it. was necessary first to conduct 
some investigations on the cylindrical bed. Observation of the 
behaviour of deep cylindrical beds gave rise to doubts as to 
the validity of the Harwell design. In order to dispel or 
confirm these doubts a further set of experiments was proposed 
to test the new hypothesis by work on the so-called Ideal 
tapered beds.
The programme outlined above gives rise to 160 full 
runs, not to mention those required to check the reliability 
of the outflow analysis system, a further 30* As a consequence 
of this it was decided to limit the variables to those already 
discussed.
42
The choice of bed diameter was largely governed by 
the quantity of material that had to be processed for each 
run. This was of especial importance in the case of the 
Ballotini system where the preparation was lengthy and tedious.
A base diameter of 3 inches was chosen, as this size provided 
a basis for direct comparison with the work of Sutherland at 
Harwell, and with Cocquerel*s work which was conducted in 3i inch 
beds.
An increase in bed diameter to 6 inches would have 
increased the quantity of material to be treated at least four­
fold, and resulted in a halving of the maximum possible aspect 
ratio, owing to the limited head room available.
Distributor design was another variable chosen 
with the object of comparison with the work of others in mind, 
a sintered bronze plate one-eighth of an inch thick composed of 
100 micron spheres being used. No attempt was made to match 
the pressure drop across the distributor with that across the 
bed. Since two different materials and five different bed 
heights were to be used, this would have involved the construction 
of 10 different distribution plates, a course which was not 
considered practicable. The higher the pressure drop across 
the distributor plate the smoother the fluidisation, owing to 
the reduction of gas surge when slugging takes place.
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Chapter 5 
THEORETICAL CONSIDERATIONS
It has been proposed by other workers that the 
mixing process in a fluidised bed may, over some range of air 
flows, be described by the assumption of a diffusion type 
mechanism. Trawinski (12), Bart (54) and Massimillia and 
Bracale (11) treated their results on the basis of such a 
hypothesis, and obtained values for the diffusivity. It is 
not, however, stated whether, when this value is substituted 
into the appropriate equation characterising diffusional mixing, 
a result similar to the experimental one is obtained* This 
both Grubbins (56) and Cocquerel (58) did with no success, 
although it is not reasonable to expect the hypothesis to hold 
under the conditions obtaining in the experiments of these 
workers.
The mathematical analysis of the diffusidnal problem 
has been approached from many different angles, some results 
lending themselves to practical application more readily than 
others. As mentioned in Chapter 1, a compromise must be reaohed 
between the accuracy with which any mathematical model fits the 
given conditions, and the degree of complexity that can be 
tolerated in the final method of analysis.
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It is proposed to consider four separate approaches 
to the diffusional hypothesis, mainly because these will lead 
to three different methods of treating the results, thus 
providing independent checks on the results obtained by the 
other methods, and also so that the adequacy of the methods 
themselves may be compared. Two treatments, those of Levenspiel 
and Smith (35) and Westerterp and Landsman (27) have been 
developed by their authors to the stage where they may be 
applied directly to the experimental results. Two further 
treatments, those of Brenner (39) and a modification of 
Dankwerts* original theory (33) are developed in this section 
into workable methods, once presented with the F-diagram.
In his work on shallow beds Gubbins (56) established 
the existence of a concentration profile in the solids flow.
The shape of this profile is no doubt very much dependent upon 
the geometry of the solids offtake system. Nevertheless, since 
some evidence of such a profile is apparent in this work, 
especially in the shallower beds, it was thought advisable to 
indicate the shape the F-diagram assumes when a solids velocity 
profile is present. To this end the treatment due to Bosworth 
(59) which Gubbins used to describe his results, is included.
No attempt is made to allow for the existence of a solids 
velocity profile in the mathematical analysis, as this increases ~ 
the complexity of the problem considerably and also because in 
many cases the effect of such a profile may be regarded as 
negligible.
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TREATMENT DUE TO BRENNER
Brenner develops his theory, starting from the 
differential equation, characterising longitudinal mixing in 
a moving bed, namely:- 
, , , be+  u  -rrr- - O  r O )
X being the distance from the point of introduction of the 
displacing fluid; X = L in the present work; C = C(X, T) is
tracer concentration; I) is the axial dispersion coefficient
and U the average fluid velocity.
Also Gf is the inlet concentration of the displacing 
fluid, and Ce * Ce(T), the tracer concentration of the fluid 
leaving the bed. At the bed inlet X = 0, the boundary condition 
is:-
~  =  P01' ~ r  > o  (2)
This condition is dependent upon there being no loss of tracer
across the entrance plane. At the point of analysis, X = L in 
this case, conservation of tracer requires that
U C  -
In order to avoid the intuitively unreasonable conclusion that 
the tracer concentration passes through a maximum within the 
bed, the boundary condition
_ = o ext X--~ c<LL~r > o  (3) 
X X
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is called for. From this it follows that the exit concentration 
is given by Ce = C(L, T), the initial condition being
C(X, 0) = CQ = Constant for all X ............... (4)
It is now convenient to reduce the variables to dimensionless 
form:
c = £_!_££ ^  - f t - f
C0 - Of L L
Equation (1) now becomes
~h ^  = —  . r V d
J-pC_ 4-“P
*  UL where P = —
4D*
The boundary conditions now assume the form
P  CL *“ ^  ~ O  CXt "3XL =• o poi~ t  O
^ CL _ 0  ^c_= ( ({-or t O
dX_
C  ~ ( a t  6  = 0 po. O  <  L>C ^  i
(5)
(6)
(7)
(8)
Thus equation (5) bas now to be solved for c = c(x, t) to 
satisfy conditions (6), (7)> (8).
The substitution
CL^JX., b ) — cr O c/ b^ ) A o t p  ^ 2_'7^ -?c_ — ej (5)
reduces equation (5) to the unidimensional heat-conduction 
equation:
_ — 2—  . o « -XL I
>Tfc 4-P " o°'>
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The boundary conditions now become:
—  2 p  * G  £\fc “X.~ O  t C
P 1'
ki? '+ 2  P u -  » o  - X *  I b :s~ o  (12)
and <3“ (j>£~y a^ ) - /-~2. p> ;>c,^  (13)
These conditions correspond to "radiation at the ends of a 
slab into media at zero temperature". It is possible to 
adapt the solution given by Carslaw and Jaeger (60) for an 
arbitrary temperature distribution ix(Se, c) to the determination 
of ir .
On substituting the final result thus obtained, into 
equation (9)t the tracer concentration in the bed is found to be
C(?c,fc) * - 2 t x p P
X y *  CeS (\L Yk ~+- P o * v v  (2 Yk  j X ScjL t — — — (j[
where (K = 1, 2, 3 .......... ) are the positive roots of
the transcendental equation
tan 2Y « 9 r00t y0 = 0 being excluded (15)
Y -P
Numerical values of these roots for various Peclet Numbers can, 
be found in the work of Carslaw and Jaeger (60) by writing
^2ii” 1 * ®n sind ^2n = ^n ** * * 09 °* (^ )
for n = 1, 2, 3 ......... . where Bn and An are the positive
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roots of the transcendental equations
3 tan B - P = 0 . <> •• »« 09 »o 0 0 (17)
A COt A + P = 0 o • o « o • eo oo oo(l8)
By setting = 1 in equation (14) the exit tracer concentration
may be found.
1 \ \/ * /Wv^
(p£-; S^ ) - a x  jo S t) ^ C*-' 13 5 ol t (20)
i _  cv*-* p'^D-) ‘ v L / |wj -- (19)
Ka| V
However the form of the solution in equation (19) converges 
too slowly to be of great use numerically when P is large or 
t is small. A rapidly converging solution may be obtained by 
use of the Laplace transform.
The transform of cr is defined by:
tjr = u~
The transform of equation (10) which satisfies the 
initial condition (13) then assumes the form:
- -  f P ^ ( - Z P x )  (21)
1
where q = (4sP)^    •• •• •• •• (22)
In addition the transformed boundary conditions (11) and (12) 
become:
.£1m L 2 . P 5  a O  ~2<lL- ■=* G
XI y.i - , -f. 2. P  tjr * O  ci'b
04
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is:
The solution of (21) which satisfied these conditions
~  = 4P exp(-2Px) _ l6p2exp(-qx) ^
q+2P)(q-2P) (q+2P)2(q-2P)
I *+ I C /c°\/ +2, P) Xoc fo j — 2 ty C3 ?C3
+ 'i  P) i J$LsO> t
The terms in the denominator in curly brackets may be regarded
as unity for P large and/or small, although it may be expanded
y, Q ^  J
by the. Binomial Theorem as being of the form y ” ^
Thus since (q + 2P)(q - 2P) = 4?(S - P) we may by the
method of partial fractions obtain:
_  . exgl--2.I».) . e ^ c )  +  4 Rexp(.qx)
(q +  2P)2
I6p2e x p ^ q ( 2 - x j 7 .............................. (24)
(q + 2P)3
The inverse transforms of the first three terms are available, 
Carslaw and Jaeger (60), and the inverse transform for the 
last term may be obtained by observing that:
2> P) s‘(cy ■+ x  pj 5 J
This assumes that it is permissible to reverse the order of
differentiation with respect to P and to invert the transform.
The inverse transform of the last term in brackets is available
«*).
Prom this an approximate expression may he obtained for .
(x, t). On substitution of the result into equation (p) the 
following relationship is obtained:
C^X., b)
'2_ 4“ 4~P(j?£-■+ fcrjj ,-<g_»x.
2(j4* Pt/rr)/s~ | * + P^sl—■?£- 4 b)
'1 ' *4-^  ^  ^rr)' ft
P m-J xJitrf-c.
\ X .iS-oc
+ ‘2. ‘
(1-X.4n
■‘PC- 4 "
(25)
The complementary error function being described by
I —
rr
" S .
The concentration distribution for the semi-infinite medium 
case, i*e. where condition (7) is no longer relevant, is given 
by the first four terms of (25)® By setting x = 1 and sub­
stituting in equation (25) we obtain an expression for the 
tracer concentration in the outflow stream:
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This solution, however, gives rise to considerable computational 
difficulties, at large values of the Peclet Number, as does the 
Modification to Dankwerts' equation. In order to avoid these, 
use is made of asymptotic expansions to evaluate the complementary 
error function. The similarity between the Modified Dankwerts 
equation and (26) may be clearly seen when it is translated 
into the notation of Brenner:
This becomes
2  Q  =  >cL. V f*-C | 1 I — -'t J&OL. p  (j +
It was decided not to use the equation of Brenner’s in an 
attempt to obtain values of the diffusion coefficient by 
curve fitting. This was due to the fact that Brenner's final 
expression for the outlet concentration contained many more 
terms than the Modified Dankwerts equation and also because 
once the computer had been programmed to generate a series of 
curves based on the latter equation, it was a simple matter to 
re-write the programme so that it could be used for curve 
fitting. As has been pointed out elsewhere (Chapter 8) in the 
range of Peclet Numbers studied in this work, with few exceptions, 
the two above equations may be regarded as identical.
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TREATMENT DUE TO DANKWERTS AND ITS MODIFICATION
Dankwerts (55) was amongst the first to consider 
the nature of, and mechanisms behind, gas mixing in fluidised 
beds. The solution he obtains initially is valid only for high 
values of the Peclet Number. In the paper mentioned above he 
suggests that it will hold for ~  1« The limitation to such
a narrow range of Peclet Numbers was quite unacceptable as far 
as the treatment of the results obtained in the course of this 
work was concerned. Thus it was necessary to find a model 
which more closely fitted the working conditions. Dankwerts 
concerns himself with the case of an infinite system, which is 
of great use if the system to be investigated is of the nature 
of the pipeline reported by Hull and Kent (61), but unfortun- 
:ately bears little resemblance to the shallow beds investigated 
here. The proposed modification suggests a finite system, 
which requires an entirely new set of boundary conditions 
although the basic ground-work is the same in both cases.
Consider a tubular vessel of length L, through 
which a fluid passes with mean axial velocity U. At time 
t = o the colour of the fluid changes from white to red. Now 
if the flow were of plug type the plane boundary between red 
and white would move down the tube at velocity u. We shall 
denote thi^ imaginary plane by x = o and use it as the origin
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of a frame of reference moving down the tube with constant 
velocity u, so that at time t the plane x = o is distant ut 
from the entry, and the coordinates at the ends of the tube 
are (-ut) and (L-ut) respectively. The axial velocity of any 
element of fluid will fluctuate in an irregular manner. Each 
element of fluid will experience fluctuations of the same 
average frequency and magnitude. It is clear that the ordinary 
"random walk" theory applies in this case, and that the red 
and white material will be distributed according to the laws 
governing diffusion. If c is the mean concentration of red 
material at plane x after the passage of time t, Fick's Law 
may be written:-
The conditions which must be met for any physical solution are:- 
(i) c = c(x, t);
(ii) t = o c = f(x);
(iii) f(x) may be differentiated when t >  o.
We may assume a general solutions
0 = F(x) P(t) .. ............  ............ (2)
The variables in equation (1) are separable, giving two ordinary 
differential equations whose solutions are:- 
F(x) « B cos K(x) + G sin K(x)
P(t) = A exp (-K2Dt)
where A, B, G and K are red constants. Since any sum of 
solutions is also a solution, a new solution results when the
forms if (3) are combined. The constants B and G are regarded
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as functions of K, giving:-
c = /g(K) cos K(x) + h(K) sin K(x_}7 exp(-K2Dt) <»« (4)
Fourier has found that if the functions g(K) and h(K) are chosen 
as follows:-
g(K) =^.
h (*) =^-
f(x) cos AK, dA
'n 00
f(x) sin AK, dA
then condition (ii) is fulfilled, the initial concentration 
distribution being given by:-
*5 V O
I
0 = f(x) = c(x, t) = j/g(K) cos Kx + h(K) sin Kx/dK-
dl c-
Substitution of the values of g(K) and h(K) into (4) leads to
the Fourier integral for c(x, t) which may be written:-
e(x, t) = —v ' rr exp(-K2Dt)dk I f(A) cos K(A-x)dA
, o>a>
By changing the order of integration equation (5) may be 
simplified thus:- v ,^
c(x, t) I f(A)dA I exp(-K2Dt) cos K(A-x)dK
33 J i
From Pierce’s ’’Table of Integrals” (508) we find
(5)
(6)
| exp(-K2x2 ) cos bx,dx ■ ■ exp(-b2/4K2) K >  o, 
therefore the second integral in (6) becomes:-
exp(-K2Dt) cos K(A-x) dK * exp^(A-x)2/4Dt7 (7)
substituting this result in equation (6):
A  £ *
c(x, t) f(x)ex P£j~ (A-x ) 2/4Dt7dA 6 • O P (8)
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This is the general solution to the diffusion equation (1).
In the case under consideration the dimensions of the vessel 
do not restrict diffusion, thus the vessel is long enough and 
the time is short enough for concentration changes not to 
occur at the extreme ends. Thus we have the "boundary conditions: 
c = 1 x = - ^  t >  o
c = O X = t C> O
Also at t = o the concentration is unity in the negative
portion of the vessel i.e. (- ■< x ■<. o) and zero in the
position portion i.e. (o ^  x •*? oo ); thus we have the conditions
c = 1 x o t = o
c = o x ^ o  t = o
The integral of (8) may be considered in two parts: 
c(x, t) = 2/FrDt f (A )exp/=’(A-x)2/4Dt7dA+
f430 7
+ I f(A)exp/^(A-x) / ^Dt / d k ^ .................... (9)
(dj £
Under the particular boundary conditions f(A) = 1 in the interval 
- oo <  A <, o, and f(A) = o in the interval o A •=< 03 .
Thus equation (9) reduces to:-
0
exP/^(A-x)2/ 4 B t 7 d A .............. (10)
° ' ' Z/ffVTi
Introducing a new variable:- 
Y =
2fDt
- X
fY
1
c(x, t) = exp(-Y ) 2/Dt,dY .. .. (11)
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Let Y = -y, then:
c = c(x, t) * 7 =
1L.
exp(-y )dy
Jit™
This integral may be considered in two parts:
X - .
c = ZL
XT
exp(=y )dy - 1 exp(y ) d y ...............(12)
This reduces to:~
° / I f f  - i/nr" erf 2/ ^ t J
r
thus c = J- £  1 —  7  
erf */5£/
(15)
(14)
Since analysis is of the outflow stream where x = L-ut we have
c = t £ - erf 7
2J&-!
also v/T = tj/L (V being the total volume of the vessel)
(15)
o - i / i -  erf ]  •• •• ••  (16)
' V Lu
The shape of the F-diagram is thus determined solely 
by the value of the Peclet Numbero The slope of the F-
t / M
V l T Hdiagram at vt/V = 1  is -g J J rt from which a value of the diffusi- 
:vity may easily be found. This was the method used by Gubbins 
(56); he then substituted this value of diffusivity back into 
equation (16) and compared the resulting F-diagram with the 
experimental curve.
As mentioned earlier the boundary conditions used in
the above derivation do not characterise with sufficient
accuracy the conditions met with in this work. To remedy this
a new set of boundary conditions are proposed by M. E. Fisher
(56), these being:
c = 1 x >  o t = o |
c = g(x) x <  o t = 0
c -  o x = -ut t 0
The solution using these boundary conditions depends upon the
validity of the assumptions that the bed is isotropic and that
the diffusivity is constant throughout, a situation which in
the case of cylindrical and Harwell tapered tubes obviously
does not occur. However, as comparison with the actual results
shows, the agreement is still good.
With these new boundary conditions the expression for !
tracer concentration becomes:
0 - J-^ /l + erf (2"y^? ) - 2 exp/u(x + ut)/jD7x/T-erf
With sampling at the outlet x =.L - ut we have:
2F(t) = 2c = 1 - erf z1, +  exp uL/D f - erf fL 7
1 L 2/Dt
Since v/V = u/L this becomes:
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It is this expression that was used in the curve fitting 
programme and some typical curves generated by the computer 
are shown in Pig. (l)o This expression will be referred to as 
the Modified Dankwerts* Equation hereafter.
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THEORY OF BOSWORTH
Gubbins (56) found that over a considerable proportion 
of his experimental results, the F-diagram obtained could be 
explained on the basis of a theory developed by Bosworth (59) 
for the turbulent flow of a fluid exhibiting a velocity profile 
in a cylindrical vessel* For the velocity profile a general 
power law was suggested of the form
" ■«. P H r f "
where U is the fluid velocity at r and U0 is the maximum fluid 
velocity, and where n varies as the Reynolds Number, within 
the range 5 - 1 0 *  The roughness of the tube wall also affects 
the value of n*
The assumptions of unaccelerated flow and negligible 
entrance effects are made.
If the feed is changed from red to white instantan­
eously, white material will first appear at the exit plane after 
a minimum residence time t0 where
tQ = —  L = length of experimental section.
uo
After some greater time t, the cross-section of the bed will, 
at the exit plane, consist of a circular core of white material 
of radius r 1 and R, thus
...L / t r ' =  R '  Rfef
Consider an elemental hollow cylinder of internal radius r and
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external radius r + dr moving at velocity u« The volumetric 
flow rate through this hollow cylinder will be 2 .7rr0Uodr. The 
total flow rate through the pipe will be:-
Tr = 2. r.u.dr.H R  U
P /2w u* 1 \ 1/n . o I r(R - r; ' dr
R1^
2rrn2u0R2
(n + 1((2n + 1)
2
hence u =  2n___
u0 (n + 1)(2n + 1)
F(t) is given by:
_j  f R - R(L/u°t ) n 1/n
F(t) ___ 2 -  2wru„ (R - r) ' dr.. R u o _ _
©
O n CJEl .) . n ( L )" + 1 n
-  n + 1 (uQt) ~ n + 1 (uQt) + (n + 1}(2n + 1)
Substituting for u and putting L/uQt ** ^
/ . \ \ 2n + 1  /-r \ 2n + 1 / 0 * \ / — \ n + 1
*(+) . « . (lUL-l)(i ) y (3L) . (2njL_l)(u )
- 1 + ( n )(u0) * (vt) r T T - ) ( « o )
x (I )“ + 1
(vt)
A computer programme was prepared to generate a set 
V"tlof tables of F(t) and for various values of n. Some of 
these are presented graphically in Figo (3)®
Bosworth further developed his theory to embrace 
turbulent flow with longitudinal diffusion; his results,
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however, are of such an involved nature that they are not 
included here. Since a similar end product is obtained using 
the work of Brenner and Westerterp and Landsman in a much 
simpler form, it was decided to proceed with those methods in 
preference to that of Bosworth. Suffice it to say that the 
latter concluded that "the distribution curve therefore takes 
the form of a law of errors curve, with a standard deviation 
proportional to 1/bL where L is the length of the vessel and b 
is a function of n, the length, and the radius:
2 _ (n - 1)2 "
” 0 .32nLR
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t r e a t m e n t  of l e v e n s p i e l a n d  s m i t h
These authors (35)» like Dankwerts (33) commence 
their derivation by stating Fick’s Law for Diffusion:
^  D, ,|LS r \
ht ■ w
where D is the diffusivity or better the "longitudinal dispersion
i
coefficient". !i
3 / !Consider a fluid flowing axially at v ft. /sec. |
through a pipe of infinite extent. Let the fluid enter an j
!
experimental section of this pipe at x = o and leave at x = L,
3 ithe volume of this section being V ft. . Now at time t = o inject i
3 - Iinstantaneously a quantity Q ft. of tracer at unit concentration, j
i
The slug of tracer will move downstream at an average velocity 
u = vL/V and its location at time t will be x = ut.
For tracer injection into a fluid at rest at x = o 
Carslaw (62) gives a solution:
;
QL 9
G = 2V®t ®XP ("X /4Dt) .................
which generates a series of normal Gaussian error curves, 
symmetrical about the origin. The case in question, however, 
involves a fluid in motion and is modified to yield
c = ivytot exp^Cx-ut)2/4Kt7 •• •• •• .. (3)
At x = L, the outflow in this work or the end of the test section 1
j
(3) gives on rearrangement:
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1
If = p ir exP “ /7i li// (l£)CL) 7 • (4)Q V“(V)(UL) £  V ( Y )(uLj/
This expression when plotted on CY/Q versus vt/Y 
coordinates with D/uL as parameter results in a family of curves 
initially symmetrical about the origin for small values of D/uL, 
but becoming appreciably skewed for large values i.e. D/uL *>0.1, 
a Peclet Number less than 10*
It is often sufficiently accurate to assume that 
(CV/q ) max. occurs at vt/V = 1 as do Dankwerts (33) and Taylor 
(31)« This assumption holds good for low values of D, or as 
rarely occurs in practice when L is very large, pipe lines being 
the main exception. Levenspiel and Smith illustrate graphically 
the divergence in value of (CV/q ) max. and (CV/q } ~  = 1 for 
variation in the Peclet Number; this shows the assumption that 
(CY/q ) max. occurs at vt/V = 1 to be valid for Peclet Numbers 
greater than about 10. The degree of accuracy required is the 
only criterion governing this figure.
The authors’ calculations again presented graphically 
indicate that skewness of the curves becomes pronounced at 
Peclet Numbers between 10 and 100, this being the lower limit 
of the range of application of the analytical method presented 
below.
2
This is undertaken making use of the variance s 
which may be defined as:-
where x corresponds to vt/V and f(x) may be obtained from 
equation (4 ) being the function governing variation in vt/V. 
The interval a - b is in this case the domain of x, being o - 
for vt/V. Thus the equation for the variance becomes on 
substitution
thus converting the integrals in (6 ) to gamma functions, whence 
the variance may be evaluated
From here it is a simple matter to arrive at a value for the 
dispersion coefficient and Peclet Number. The F-diagram is 
plotted on arithmetical probability - linear paper, and if 
working within the specified range i.e. uL/D ^  100 a straight
s2 exv/r( 1 - v t /v )2/4 (D/uLXvt/vX7
• / f l - v t /v ) 2/4(l)/uL) (v t/v j7 d(v t/v ) (6)
This may be evaluated by first letting
2
then substituting x /4(d/u L) = y
s2 = 8 (D/uL)2 + 2(D/uL)
or
line will result. The interval between the 16th and 84th 
percentile points, when a normal distribution is plotted on 
this type of paper, is found to be equal to twice the variance. 
Thus if this interval is measured, it will be seen that, 
knowing the variance, it is possible to calculate the Peclet 
Number and thence the Piffusivity.
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TREATMENT DUE TO WESTERTERP AND LANDSMAN
The work of Westerterp and Landsman was on the 
subject of the operation of a rotating disc contactor, and the
apparent axial diffusion it exhibited. However, the basic
assumption and boundary conditions may be applied to the case
of the fluidised tubular reactors used in this work. We again
start with the differential equation describing axial diffusion 
superimposed upon plug-flow:
D. ^ _ is ^
■5 **- fcfc- 0
the boundary conditions are the same as those proposed by
Wilhelm and Wehner (63)> namely:
z = o t >  o fv(C0) = fv(C)-Dp|^
z = L t >  o ~  = o
a z
and the initial conditions:-
t = o z <  o C = CQ
t = o o ^ z ^ L  C = o
.. (2)
(3)
As the boundary conditions indicate, plug-flow in the inlet 
and outlet lines is assumed.
Dimensionless quantities are now introduced in the 
following forms:-
C/C0 ■ Y z/L ■ X t/l = T 
where I « half value time,
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Giving:- ■$- - iY = 0
^ x2 &X AT
(1a)
with boundary conditions:-
X * 0 T >  0 1 = Y-JL 11  )Pe° ^X )
|Y = 0 
^X
(2a)
X = 1 T >  0
the initial conditions being:
T = 0 0 X ■< 1
T = 0 X = 0 Y = 1 )
)
Y = 0 )
(3a)
For Pe 50 it is permissible to simplify condition (2a) to:
For this case Dankwerts (33) has shown the solution to be:
For cases where Pe << 50, and this applies to the majority of 
F-diagrams obtained in this work, the exact boundary conditions 
must be used. The result is the same as that arrived at by 
Brenner (39) and derived earlier in this work. Yagi and 
Miyai*chi (64) have also obtained this solution
X = 0 T >  0 Y = 1
Y = jt erfc (4)
Y = 1 - 4P
x
(5)
where p = — ;in Brenner’s derivation it should be remembered 
that P s Pe/4 .
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The terms in equation (5) are the roots of the 
transcendental equations
ai/2 tan (ai/2) = P/2 i = (1, 3, 5 ..... ..... )
ai/2 cot (ai/2) = -P/2 i = (2, 4, 6 ...........)
Equation (5) is the solution to the differential equation (1a)
for the exact "boundary conditions (2a). If Pe becomes very 
large ( ^ > 50), the first boundary condition (2a) passes to 
Y = 1 and the solution to equation (1a) becomes (4)» Thus it 
is clear that equations (4) and (5) give the same results for 
high Peclet Numbers <>
If the theoretical curves from (5) are plotted on 
arithmetical probability paper Y versus 1 - T H / i t  is found 
that straight lines are obtained for Peclet Numbers as low as 
2 as can be seen in Fig* (25)»
Accordingly theoretical curves obtained for various 
values of the Peclet Number were plotted on arithmetical 
probability paper and the interval between the 16th and 84th 
percentile points measured. For a normal distribution this 
would be equal to two standard deviations as shown in the 
previous section on the work of Levenspiel and Smith. However 
since in this case the distribution is skew it has been assigned 
the symbol S to avoid confusion. The values of S thus obtained 
were plotted against the corresponding Peclet Number Fig. (23)•
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Chapter 4
. fa) CHOICE OF APPARATUS AND EQUIPMENT
Since the purpose of this work was to investigate 
solid residence time and solid mixing in tapered fluidised 
beds, it was necessary that the beds should be manufactured as 
conveniently as possible• There being some 20 separate profiles 
to be constructed it was also desirable that they should be 
inexpensive.
The length of the longest bed was to be seven to eight 
feet with as few joints as possible in order to maintain a 
smooth inner surface and reduce wall effects. It is possible 
to machine such a bed from the solid as was done at Harwell (2), 
but this is most expensive, and if contracted out would require 
many weeks if not months to progress from the design to delivery 
dates. The method decided upon consisted of machining hard 
wood mandrels to the required profile, treating the surface 
with a release agent, and then casting a fibre-glass tube 
around the mandrel. This method proved most suitable. The 
exact theoretical profile was not strictly adhered to, owing 
to limitations in the manufacturing technique as applied to the 
mandrel. Instead the mandrel was composed of short plain 
tapered lengths each six inches in length. This approximation 
is so close to the theoretical that it may be neglected. A 
graphical plot of the profiles used will be found in Fig. (8).
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The solid flow regulators caused much trouble during 
their development; however a satisfactory method was ultimately 
devised. In order to keep the equipment as simple as possible 
it was decided to use circular orifices to control the solid 
flow rate. To this end two identical orifice plates were 
constructed and placed at the base of the feed bed and tapered 
bed respectively. The flow rates through each when both beds 
were fluidised were found to be entirely different, this no 
doubt being due to the different pressure drop across each 
orifice, as a result of the differing depths of material in the 
two. beds. This difference was something which had to be endured, 
since the head room available was limited and not adequate for 
a deeper feed bed to be used.
It became apparent that it would be necessary either 
to dissipate the pressure at the orifice or to have a variable 
control on one orifice. The latter method was chosen for 
investigation and a valve constructed in which there was the 
minimum interference with the solid flow: Fig. (4)* This
proved eminently successful, for the whole period of its use.
But later it had to be discarded owing to the large height 
required to accommodate it. This change was made necessary 
when it was found that the concentration gradient caused by 
the use of only one central solid off-take was causing too 
great an error in the outflow analysis.
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At this point it was decided to implement the first 
alternative mentioned earlier, namely to dissipate the pressure 
in excess of atmospheric on the feed side of the orifice. A 
unit was designed to effect this: Fig. (6), and also to
accommodate four feed lines in the case of the orifice meter to 
be used on the experimental section. The solids in each case 
were required to pass through four right-angled turns whilst 
moving through the meter, these dissipating the vertical 
component of momentum. The vessel in which this took place 
was vented to atmosphere so that no fluidising gas passed out 
through the orifice at a pressure greater than atmospheric.
This device proved entirely satisfactory and was shown after 
prolonged testing to give reproducible results better than 
+%fo over the entire air flow range, and better than tifo over 
the whole range of bed heights used.
The distributor design was of a very simple nature, 
being a sintered bronze disc l/8th" thick and in diameter
fabricated from spheres 100 microns in diameter. This disc 
was recessed in a thick perspex flange 6M in diameter. The 
choice was made in order to provide an even air distribution 
over the whole cross-section and to provide a basis for 
comparison with work performed along similar lines with such 
a distributor plate at Harwell. A sintered disc was also used 
by Levey et al. (1) as a distributor.
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The design of the solids offtake system proved something 
of a problem, owing to the desire of the author to avoid any
I
interference with solids mixing and flow within the bed. Thus 
all outlets were made flush with the bed walls or upper surface 
of the distributor plate. In earlier experiments which were 
of an exploratory nature a single solids outlet of 5/8th" 
diameter, located in the centre of the distributor plate, was 
provided. This, however, introduced problems in that with solid 
flow in a cylinder such as this an appreciable concentration 
gradient occurs roughly in the form of a cone whose apex is at 
or directly above the outlet5 whether this gradient persists 
whilst fluidisation is taking place is a matter of conjecture 
as yet. The experimental verification of this effect and the 
evaluation of its magnitude would have involved a considerable 
amount of extra work. Thus it was decided to attempt to 
minimise the effect. With this aim in view, six equally spaced 
outlets each of 5/8H diameter were placed in the bed wall one 
inch above the distributor plate, the original outlet in the 
centre being retained. From each pair of diametrically opposed 
outlets PVC tubes were led to a "Y" piece, and from the third 
leg of this one PVC tube led to the flow meter. A single tube 
was also led from the outlet in the centre of the distributor 
to the fourth inlet to the meter.
This method of solids removal became inoperative at 
bed heights below 12", a circumstance which was fortunately of 
no concern in this work. Care was taken to ensure that the
resistance to flow provided by the tubes from the bed outlets 
to the solids flow meter was equal in each case.
The choice and design of the electronic analysis unit 
for use with the copper-nickel system was largely governed by 
the range and characteristics of the available equipment. The 
recorder range was not of great consequence, but since a 50mV 
instrument was available, this determined the output of the 
detector before amplification. As the signal generator used 
had a maximum output of 4 volts into 3 ohms it was desirable 
to make the resistance of the detector secondary coil to be of 
this order. Since it took the signal generator at least three 
hours to attain a stable working condition, it was decided to 
allow it to operate continuously, the valves being changed 
every 2,000 hours, and 100 hours being allowed for ageing of 
the valves.
Since the most usable difference in physical properties 
between copper and nickel seemed to be the ferromagnetism 
exhibited by the latter, it was decided’ to construct a continuous 
magnetic separator, which would handle approximately one ton 
per day, this being the maximum throughput if thorough mixing 
of the solids before each run was to be ensured. It was thought 
that probably the most simple method of continuous separation 
would be to subject a mixed'stream of falling particles to a 
magnetic field. The result of this would be that the nickel 
particles would be deflected from their vertical path whilst the-
copper particles continued unaffected. A stream of solids 
falling from a circular orifice would not "behave in a very- 
satisfactory manner, as those nickel particles on the side of 
the stream farthest from the magnetic field would be deflected 
through the stream, most probably interfering with the motion 
of some of the copper spheres. As a result it was thought 
wisest to provide a "curtain" of falling particles, that is 
to say a stream of particles about 3" in width and only one or 
two particles in thickness at the most dense regions. This 
effect was obtained by depositing a thin layer of particles 
from a hopper onto an endless rubberised fabric belt whose 
speed could be varied by means of a variable resistor, placed 
in series with the power supply and the drive motor. The layer 
of particles was discharged from the belt as it passed over 
one of two 3M diameter rollers upon which it was mounted.
A 100 watt electromagnet was mounted on a movable 
framework slightly above and to one side of the roller - Fig.
(7). By suitable adjustment of belt speed, magnet position 
and field strength it was possible to effect a most efficient 
separation. It was, however, decided to collect two batches 
of material one of which would consist of 9 9 * 9 pure copper, 
and the other an enriched nickel copper mixture. This was to 
enable high throughputs to be obtained from what was a relatively 
small unit. Pure nickel was not required as a product from 
this separation, owing to the fact that it would be immediately
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remixed with copper to give the initial bed composition of 
about 4$ nickel, this representing 100$ of tracer. Pure copper 
was, however, a necessary product, as it had to be regarded as 
tracer-free in order to avoid the necessity of constantly 
checking the effective zero calibration of the detector. The 
product copper from this process, as stated above, was roughly 
99.96$ pure; this material was transferred to the feed hopper 
where it was rigorously fluidised, and a powerful permanent 
magnet suspended in the bed removed the last traces of nickel 
from the material. This last stage was necessary because 
99.96$ pure copper still contains about 1$ of tracer, if 100$ 
tracer is to be regarded as 4$ nickel. To have neglected this 
residual nickel would have led to a constant though admittedly 
small error throughout the series of runs.
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(b) DESCRIPTION OF APPARATUS
Main apparatus
The main fluidisation apparatus as shown in Fig.
(5)(9) was used for both preliminary and final runs, with 
ballotini and copper, except for minor detail changes.
It consisted in essence of a tube of circular cross- 
section, 3" in diameter at the base and 84 inches in height.
It was in this experimental section that all runs were performed. 
The bed was supported on a diameter sintered bronze plate 
l/8thM thick composed of 100 micron spheres, this being recessed 
in and cemented to a 6" diameter flange of perspex whose 
thickness was .
Compressed air was led from the main at 45 psi, 
through a reducing valve from where it was passed at 5 psi,
9 psi or 30 psi to a pair of rotameters in parallel, whose 
capacity ranged from two to 120 litres per minute of air at 
S.T.P. From here the fluidising gas passed through a pair of 
control valves to the distributor section of the bed.
Solids were removed from the base of the bed via six 
circumferentially equally spaced outlets each of 3/8thM 
diameter copper tube mounted flush with the inner bed wall and 
one inch above the distributor plate, and also through a single 
similar offtake located at the centre of the distributor plate. 
From here the solids passed through PYC tubes of equal length 
to the solids flow controller Fig. (4*) •
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Solid flow into the bed was effected by means of a 
fluidised feed bed 9” in diameter and 36” deep placed vertically 
above the experimental section• From this bed the solids passed 
down through the distributor section of the bed through a 1” 
diameter copper tube to a flow controller identical to that 
mentioned earlier. On passing through the controller the solids 
flowed into a distributor which was mounted a small distance 
above the fluid bed surface. This distributor spread the 
ingoing solids evenly over the whole bed surface and ensured 
that the inlet stream was deposited on the surface of the bed, 
and not allowed to penetrate beneath it, as would occur if a 
solid stream were allowed to fall unrestrained onto the surface.
Pressure measurements across the bed were made using 
three manometers fed from a common manifold, by means of three- 
way cocks situated across the manifold.' This enabled any 
number of the manometers to be used or by-passed. These 
manometers were filled with water, tri-bromo-methane of 
specific gravity 2*5 and mercury. This set-up enabled any 
pressure drop encountered to be expressed as a large yet 
convenient deflexion on one of the manometers. Thus the 
accuracy to which the manometers could be read was the limiting 
factor, and this could be reduced to negligible proportions by 
suitable choice of manometer fluid.
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Oscillations of the manometer fluid, which have been 
mentioned as a problem in the work of others, were here minimised 
by the simple expedient of inserting a very fine constriction 
in the feed tube from the bed to the manometers, thus intro­
ducing a very high resistance to flow which damped the 
oscillations down to manageable proportions.
Dye extraction unit
This equipment consisted of a J>6" long Pyrex tube 
of 3" internal diameter, closed at the lower end by means of a
200 mesh brass gauze, supported on a circular brass disc
liberally drilled with holes; this served to prevent the 
passage of ballotini. The base of the column was attached to 
a large vessel which was in turn connected to a vacuum pump.
The pressure in the large receiving vessel was maintained at 
20” of mercury absolute as this was found after experiment to 
give the best results. The cylindrical tube was charged with 
approximately 10,000 grams of ballotini. Then 500 ml. of 
chloroform was carefully added to the top, care being taken to 
apply it evenly over the whole surface area. This chloroform 
was allowed to drain under gravity alone, until the entire bed
was wetted, the vacuum pump then being switched on and a
further 500 ml. of chloroform added slowly. This quantity was 
found to be sufficient to treat the whole column, and showed 
the method to be much more economical in the use of solvent 
than the original idea of washing the spent ballotini in a 
Nutch Filter.
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The extract of waxoline dye and perspex in chloroform 
which collected in the large receiving vessel was transferred 
to a 5 litre flask, heated by an electrothermal mantle, the 
vapour being condensed in a simple Liebig condenser with a 
central. water-co%le'd''vVdiiv ^ This distillate was used in 
further extractions.
Unicam spectrophotometer
^ ‘ Basically this, instrument consists of a slit of 
variable width interposed between a constant light source and 
a photo-sensitive cell. This slit enables the instrument to 
be zeroed on one of the cells containing pure solvent, as it 
is adjusted until a standard luminous flux is incident on the 
photo-cell. This zeroing was performed before each and every 
determination, since the light source is very sensitive to 
voltage fluctuations. The instrument having been zeroed on 
the cell containing pure chloroform in this case, the next 
step was to place a second cell in the light path*. This 
second cell contained the sample whose density it was required 
to determine. Two readings of density were mq.de for each 
sample, or more until good agreement was reached, by obtaining 
a null point balance on a bridge circuit, the variable resistance 
being calibrated directly in solution density. Care was taken 
to work in the middle part of the scale as the response of the 
photo-cell is not linear over its whole range. The operating 
range was thus limited to density readings of 0.1 - 0.8 where
the instrument was at its most accurate. Calibration and tests 
of reproducibility of this instrument may be found elsewhere (58)•
Detector unit
This unit consisted in essence of a copper tube of 
external diameter, some 4” length; about the lower 2j-M 
were wound two coils each of 100 turns of fine copper covered 
wire, one outside the other - Fig. (12). One coil may be 
considered as the primary, the other as the secondary winding 
of a variable core-transformer, the core of the transformer 
being in this instance the copper nickel mixture from the bed 
outflow. Owing to the ferromagnetism exhibited by nickel the 
presence of any of this material within the coils gave rise to 
an increase in field strength due to the primary coil, in 
which there was an alternating current flowing. The increased 
field strength caused the current induced in the secondary 
coil to rise, this being the detector output.
The flow of solids through the detector was controlled 
by an orifice plate attached to the underside of the unit in 
which there was a central hole -J-H in diameter. This hole was 
not able to handle as great a flow as the lowest solid outflow 
from the bed; thus there was a constant rate of flow through 
the detector and a variable overflow depending upon the solid 
flow rate from the bed.
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The coils and the lower 3” of the copper tube were 
completely enclosed in a brass case, into which the screened 
pickup and supply leads passed via short lengths of brass 
tubing soldered into one side of the case. All equipment and 
leads were thoroughly screened and earthed to avoid pick-up, 
especially from the mains. This was necessary owing to the 
small voltage changes produced by the detector in the chosen 
ranges and also the nature of the coils used.
Power supply to the detector was held constant for 
all runs producing F-diagrams at 2 volts R.M.S. at 450 cps, 
the signal being produced by a Ferranti Audio Signal Generator. 
The input to the signal generator was from the mains via a 
constant voltage transformer whose output was 230 volts.
The induced voltage from the secondary coil in the detector 
was fed to a Levell T.A.40 transistorised amplifier having two 
fixed gains, these being 20dB and 40dB, that is to say, an 
amplification of 10 or 100 times. The maximum output of this 
amplifier was 1.5 volts R.M.S. in the range of accuracy specified 
by the manufacturers. From here the signal passed to a bridge 
rectifier consisting of four 0A81 silicon diodes - Figs. (11)(10) 
followed by a smoothing circuit which cut the D.C. ripple in 
the out-put to below 3 this being well below the acceptance 
level of better than 15f° ripple required by the potentiometric 
recorder. From the smoothing circuit the signal was fed to 
two potentiometers which acted as a variable gain control for 
the amplifier, one being for coarse adjustments, the other for
fine control. Next the voltage induced in the secondary coil 
with no nickel in the core had to he backed-off using a second 
pair of potentiometers in series, again one for fine, the 
other for coarse adjustment, the source of potential being 
provided by three 1.5 volt dry cells in series feeding via a 
fixed resistor to limit the current taken. The resulting 
voltage was then fed direct to a Kent Multilec potentiometric 
strip chart recorder, the 0 - 50mY range being used. The 
response was medium damped, two seconds being required for a 
full scale deflexion to occur. It was on this recorder that 
the F-diagram was traced, this being possible because the nickel 
concentration never rose beyond the point where the detector 
response departed from linearity.
The method by which the signal generator could be 
accurately zeroed, using the mains as a standard reference, 
involved changing the difference output of two oscillators 
beating together to zero cycles or zero output, then changing 
to 50 cycles on the output scale, when a mains signal was 
injected and the set of the variable oscillator adjusted to 
give the minimum deflexion on the Output meter. This method 
was not only lengthy, but, more important, the output of the 
oscillators was changed. This upset the equilibrium which 
usually took some hours to achieve. When the required frequency 
was again selected the time for the output to become steady was 
as great as two hours. Even when settled this frequency was
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not necessarily the one selected earlier, owing to drifting 
which was attendant to the attainment of equilibrium.
To avoid this another method of frequency monitoring 
was sought, and the one chosen was the production of a Lysajous 
figure on a cathode ray oscilloscope. This figure is obtained 
by modulating the time base with a standard frequency, in this 
case 50 cycles. If then the input to the X-plates is any 
multiple of 50 cycles a stationary figure is obtained, the 
number -of p«aks of which indicates which particular multiple.
If the input to the X-plates is not a multiple of 50 a rapidly 
rotating figure results. By the use of this method a continuous 
check could be kept on the signal generator output and any 
corrections necessary were only small, and as such disturbed 
the stability hardly at all.
The reason that the frequency must be maintained 
constant is made clearer in a later section on calibration of 
the detector. The output of the detector is very sensitive to 
frequency since the number of lines of force cut per second., and 
hence the induced e.m.f., are directly dependent upon it.
During the early runs with the copper nickel system 
it was found that, owing to the current flowing in the detector 
primary, it tended to heat up slightly above room temperature.
If it had been standing for any length of time with no solids 
throughput, as often occurred, and was subsequently used to 
analyse the solids outflow in which cold material would be
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required to flow through it, a change in resistance would 
take place as a result of the cooling effect. This caused the 
recorder to drift from its zero position, which would have been
established whilst the detector was still warm. The reverse
effect was also noted at the end of a run where it was more 
serious; the detector would start to heat up and drift 
immediately the solid flow ceased.
A remedy was found by taking a bleed of air from
the distribution section of the solids feed bed and passing it
through the detector at any time when it was not analysing solids 
outflow. This air could be regarded as being at the same 
temperature as the solids in the bed, on account of the very 
rapid heat transfer between a fluidising gas and the solid of 
the bed.
Electromagnetic separation unit - Fig. (7)
This device was used to effect the separation of 
nickel from copper in the material that left the bed as the 
product stream. Its basic elements consisted of a hopper into 
which the mixture of copper and nickel was charged; from where 
it fell under gravity to a distributor which caused it to fall 
evenly and at a given rate onto a wide endless rubberised 
fabric belt about three feet in length and running horizontally 
over two grooved wooden rollers. At one roller the solids 
fell from the belt in a fine "curtain” only one or two particles 
in thickness and some three inches wide. Slightly before it
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commenced its fall under gravity it passed into a strong 
magnetic field, produced by an electromagnet suspended above 
and in front of the roller.. This caused the nickel particles 
to be drawn towards the pole pieces whilst the copper passed by 
unaffected to fall vertically® However, the position of the 
pole pieces and the strength of the magnetic field were so 
adjusted that the nickel particles were not quite able to reach 
the pole pieces owing to the greater gravitational attraction 
to which they were subjected® As a result the nickel also fell 
downwards but was deflected from the vertical® Two receivers 
were placed beneath the roller? one collected pure copper, 
the other collected a mixture of nickel with about 10$ copper®
To remove any traces of nickel which might have escaped this 
extraction, a strong permanent magnet was placed in the feed bed 
which was then fluidised, any nickel particles adhering to the 
magnet®
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(c) DESIGN OF BED TAPER
As a result of visual observation of fluidised beds,
Levey et alo (1) came to the conclusion that fluidisation at
the top of a deep bed was more violent than at the base. This
was said to be due to the increased interstitial gas velocity
at the top of the bed, the increase being caused by a drop in 
pressure of the fluidising gas with an attendant increase in 
volumeo In order to overcome this unevenness in the quality 
of fluidisation, it was decided to construct a bed whose cross- 
sectional area increased at the same rate as did the gas 
volume, thus providing a constant interstitial gas velocity 
throughout the bed. The design of such a bed is a simple matter 
if constant temperature is assumed.
^  (for constant interstitial velocity)
Ab At
where V^ . and Vb are the gas volumes passing through some plane 
above the base, and at the base respectively, per unit time, 
and At and are the corresponding cross-sectional areas.
Since volume is inversely proportional to pressure 
and cross-sectional area proportional to the square of the 
diameter, we may writes-
Pb x db2 = Pt x dt2 .
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In this series of experiments it was decided to work with a 
constant base diameter of 3”» 80 that after pressure drop 
measurements, the only unknown will be d^, the diameter of the 
bed at various distances above the distributor plate®
The bed diameter d^ . at various distances above the base plate 
may now be easily obtained® These values result in a bed profile
unit length, as is obtained with a relatively light material 
such as glass ballotini, a plain tapered profile may be used
manufacturing problems considerably®
For a bed composed of a dense material such as 
uranium oxide or copper spheres this approximation is far from 
satisfactory although it has been used by some workers® To 
overcome this, each bed was composed of short (6n) lengths of 
plain taper, this giving a sufficiently close approximation 
whilst easing the manufacture, since to machine such a profile
P^ - (A p x H) + pa
P* = (;\P x h) + pa
where p = bed pressure drop per foot height
pa = atmospheric pressure 
H = total bed height 
h = distance below top of bed®
Thus we have:-
which is parabolic - Fig® (8)® For a low pressure drop per
with little sacrifice in accuracy® This expedient eases
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accurately would require an enormous effort» These profiles 
for the copper nickel system are shown in Figo (8 ) with the 
diameter scale greatly expandedo
Visual observation of fluidisation in a six foot 
cylindrical bed of copper? which produced a pressure drop of 
nearly one atmosphere (13 °9 poSoio)? tended to cast doubt upon 
the validity of the reasoning that required the superficial 
gas velocity to be maintained constant in order to obtain even 
fluidisation throughout the bedo
It was found that the ratio of air flows required 
just to produce particle movement at the top and base of the 
bed respectively was not 1 s 2 as would be required by the above 
hypothesis? since the pressure drop was nearly one atmosphere. 
The actual ratio in this case was found to be somewhere between 
1 s 1»5 and 1 s 106. This seemed to indicate that it was not 
possible to neglect the effect of changing gas density as had 
been stated by Zenz and Othmer in their text book and also by 
Sutherland (2)o
A consideration of the forces acting upon a particle 
suspended in a fluid stream, such as a particle in a state of 
incipient fluidisation, led to the development of the following 
relationship by Rowe (65)s-
where A and Cp are dimensionless coefficients« This states 
that the submerged weight must be equal to the drag at incipient
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fluidisationo As can be clearly seen* the drag force is 
dependent upon the gas density* in this case Bp and the gas 
velocity Uo In order to maintain an even quality of fluidisation 
throughout the bed it is necessary that the drag force should 
remain constant. From the above relationship it will be apparent 
that if the drag force is to be kept constant the bed profile 
will have to be designed on the basis of variation proportional 
to the square of the gas velocity and inversely proportional 
to the gas densityo
Consider the conditions at the base (subscript B) 
and some point above the base (subscript T)°
For constant drag force
Y o volume of gas/unit time
d = bed diameter 
R * fluid density 
P - gas pressure
r b/s t p b/p t
may be written asThus V,
5 e »  Is2 x ic4 -
R s  d B 4  Yrp2 P BpB
which on rearrangement becomess
V  X d /  . Pj
YT2 dB^ PB
but at constant temperature PipYip ■ 
thus % P x  dm^ = Pm
Since d_. is always 3” it is a simple matter9 knowing the i5
pressure drop per unit length of the incipiently fluidised 
bed, to calculate d^ and thus plot the bed profileo
It should be noted that each bed height requires 
different profile - Figo (8)0
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(d) MANUFACTURE OF TAPERED TUBES
The manufacture of tapered tubes over six feet in 
length and internally profiled to an accuracy of better than 
one-hundredth of an inch presents some considerable difficulty.
Whilst it is possible to machine a tube internally 
to a given profile as was done at Harwell in the case of 
Sutherland (2), this course is most expensive, as for a taper 
as pronounced as the Harwell design a solid block of material 
would have to form the starting point. This is apart from the 
labour costs which would also be high. Few firms have equipment 
which is capable of performing such a task, and as a different 
profile was required for each bed height for each design, the 
delivery date could be expected to be many months after the 
commissioning of the work, since the one-off production of such 
unusual pieces involving the continued resetting of expensive 
machinery is not an attractive commercial proposition.
Another possibility was to have the tubes fabricated 
from sheet perspex, but this would have required very accurate 
cutting of the developed shape and specialised techniques as 
well as a delivery date of many months after the despatch of the 
order.
To avoid reliance upon outside assistance, and in 
order not to suffer from a long waiting period, it was decided 
to manufacture the tubes from resin impregnated glass fibre cast 
around a wooden mandrel. The mandrel was solid hard wood and
95
was a simple proposition for any wood-working firm0 It was 
found that it was possible to rely upon a finish to better than 
one-hundredth part of an inch on these formers0 The mandrels 
were delivered in a smooth condition, having been sanded with 
fine cloth as a finishing treatment„
The entire surface was then treated with candle wax 
in molten form, the wood being slightly preheated an instant 
before application of the wax, which was allowed to soak in 
for several hours before a second application was madeo After 
a further four hours the surface was gently heated with a bunsen 
flame to melt any excess wax, which was allowed to run off«
The normal release agent used in conjunction with the 
resin is poly-vinyl-alcohol; this was not found to give 
satisfactory results, as it took a considerable period to dry 
out after application to the mandrel and tore easily on contact 
with the glass fibre mat0 Instead of poly-vinyl-alcohol it 
was found by experiment that many commercially available 
silicone furniture polishes were entirely suitable as release 
agentSo
The procedure was then to coat the waxed mandrel 
evenly with a liberal quantity of resin alone § this was 
allowed to gel a process which usually took about 20 minutes, 
depending upon ambient temperature? amount of catalyst used etc» 
The purpose of this first coat of resin alone was to ensure a 
smooth internal finish to the tubeso Once the first coat had
gelled a further coat of resin was applied? and the glass fibre 
which had been cut from a single piece of wove-roving? or 
chopped glass mat was placed lengthwise over the mandrel 
covering about one-third of its surfaceo Resin was then applied 
over the fibre? the mandrel being slowly rotated until the 
whole of the glass fibre had been wound on» It was found that 
it was only necessary to use two layers of glass fibre for the 
deepest beds? with four layers covering 4n - at each end to 
facilitate removal from the mandrel» A few violent blows with 
a two pound hammer normally sufficed to remove the mandrel from 
the fibre-glass case.
The resin used varied from near transparent to barely 
translucent, depending upon its age and batch <> All tubes used 
with the copper-nickel system were of the former variety? a fact 
much appreciated at low air rates just above Gq o
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Fig. (9)
General View of Fluidisation Apparatus 
and Control Unit
Fig. (to)
Detector Output Analysis Unit
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Chapter 5
(a) OUTFLOW ANALYSIS FOR BALLOTINI SYSTEM
The method of analysis used in conjunction with this 
system was basically that developed by Cocquerel (58)> which 
a given volume of solids outflow roughly 20 cc., but constant 
throughout each run, was sampled at convenient time intervals
-I
during a run. These intervals were so spaced that nearly all 
would lie upon the curved portion of the F-diagram. A standard 
receiver was machined from brass, its volume being approximately 
20cc» This was used for all runs. Tests on the reproducibility 
of the method were conducted by weighing the measured samples 
taken with the receiver. These tests indicated that once a 
standard sampling technique had been developed, an accuracy of 
better than + 1 $  could be expected. This reduction in accuracy 
was thought to be justified by the time it saved against the 
other alternative of weighing each sample, by the fact that 
larger errors are introduced elsewhere in the system, and by 
virtue of the fact that these runs were being used only to give 
a guide as to what effects might be expected from various 
changes in the variables.
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The samples were then.placed in numbered boiling 
tubes and 25 ec. of chloroform added to each. Each sample was 
then shaken and left to stand for half an hour, when it was 
again shaken and filtered immediately into a clean dry boiling
'i
tube. The next step was to remove approximately 5 cc. from 
each sample of filtrate and place it in a quartz-cell filled 
with the solvent, used, namely chloroform. These cells were 
placed in the testing chamber of a Cambridge Unicam Spectro­
photometer, which measured the reduction in light transmitted 
through the cell containing the dye sample. Great care was 
taken with the cells to ensure that they were scrupulously 
clean, and that they were presented to the instrument in the 
same aspect on each occasion. Lids were provided for the cells 
to prevent any loss of solvent by evaporation; two readings for 
each sample were made, or as many as required to obtain good 
agreement between successive readings.
To test the accuracy of the instrument a series of 
runs was made in which a standard solution was made up and 
subsequently diluted with known quantities of solvent. Similar 
results obtained from the same instrument may be found in (5©)5 
they indicate that an accuracy of _+ 1^ may be expected. Other 
tests were made to ensure that the machine was operated at the 
wave-length at which it was most sensitive for this particular 
range of solutions. Another set of experiments was performed to 
establish the range of concentrations over which the instrument’s 
response was linear; the results of these experiments determined
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the final operating range of dye concentrations that could he 
used with confidence in the analysis of the solid outflow.
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(b) OUTFLOW ANALYSIS FOR COPPER-NICKEL SYSTEM
In order to obtain the maximum effect of bed tapering 
it was necessary to use a solid system of high density* The 
materials which immediately suggested themselves were copper 
and nickel, their densities being nearly identical, and both 
were available in spherical form in the same size range. This 
combination had been used at Harwell by Sutherland (2) with 
apparent success.
However, the method of analysis used at Harwell 
involved the taking of samples and the use of magnetic 
separation to remove the nickel from the mixture. The nickel 
thus removed was weighed and the percentage nickel in the sample 
calculated. This is a tedious method to perform, and any 
increase in the number of samples taken involves a corresponding 
increase in labour involved in analysis. The absolute minimum 
number of samples that could be taken for one run with any 
hope of an accurate result was thought to be 12. When this 
figure is multiplied by the number of runs necessary it will be 
seen that a considerable amount of labour would be involved 
if this method were adopted.
As a result of the drawbacks outlined above it was 
decided to seek a more elegant, accurate and rapid method. The 
fact that nickel exhibits ferromagnetism and copper does not was 
thought to be a good starting point for the development of a 
continuous method of analysis. To investigate this line of
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approach still further a number of double wound coils were 
constructed of various lengths and diameters and turns per 
centimetre length. The performance of these coils was then to 
be measured under the conditions that would occur in practice, 
that is with a continuous stream of copper and nickel particles 
flowing through the tube on which the coils were wound.
The variables to be investigated were thus:
(1) Length of coil
This will govern the magnitude of the output from 
the secondary coil; this is of great importance as the 
sensitivity of the strip chart recorder is limited, and use 
should be made of a full scale deflexion if possible.
(2) Turns per centimetre
The number of turns per centimetre is directly 
proportional to the flux density inside the coil; as a result 
the output signal is also directly dependent upon the number of 
turns.
(3) Diameter of coils
Increase in coil diameter gives rise to decrease in 
flux density in the coil. Thus it is desirable that the 
diameter should be as small as possible consistent with free 
flow of solids through the detector tube upon which the coils 
are wound. This tube must also be large enough to contain a 
number of particles sufficient to ensure that transient variations 
in output are reduced to a tolerable level, these being due to
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appreciably non-uniform random distribution of ferromagnetic 
particles within the coil’s field of influence.
(4) Current in coils
This variable is really controlled by the output 
range of the signal generator used, and the resistance of the 
coils. It has a direct influence o n  the field strength within 
the coils, increase in current bringing about a corresponding 
increase in field strength.
(5) Frequency of signal to primary coil
Frequency also is of the greatest importance; as 
would be expected the induced secondary voltage is dependent 
upon the number of flux'linkages cut per second.
The most desirable detector will thus give a low 
induced secondary voltage for pure copper in the coil field, 
and a relatively high voltage for only a small concentration 
of nickel in the outflow mixture. It is essential that the 
ratio between these two values be as high as possible. It will 
be seen in the following section that this ratio varies with 
the number of turns per centimetre and also with frequency.
One further point to be borne in mind is that before 
the induced voltage can be fed to the potentiometric strip chart 
recorder it must be rectified. The characteristics of the 
proposed crystal diode bridge rectifier are such that a linear 
relation between input and output is not obtained at low 
voltages. Thus it was decided to amplify the secondary voltage
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before feeding it to the rectifier, so that the operating 
range would lie upon the linear portion of the characteristic 
curve. It was found that an amplification of 20 dB was adequate 
bearing in mind the range of the recorder to be used.
It was thought desirable that the detector should 
handle as great a proportion of the solids outflow from the bed 
as possible, although the flow rate through the detector was 
to be kept constant for all runs. Thus an orifice plate was 
placed over the lower open end of the detector, of such a size 
that the flow through it was only slightly less than the lowest 
anticipated flow rate through the experimental section. It 
was decided to keep the solids rate through the detector constant 
for the sake of convenience and also as the effect of varying 
the solids flow rate was not known.
Once the detector had been constructed with the 
above recommendations in mind - Fig. (12) - it was connected 
to the electronic equipment to be used in the conversion of the 
secondary output into a usable form. A circuit diagram of 
this equipment is given in Fig. (11)«
Tests made with the completed detector indicated 
that the optimum range of nickel concentration in which to work 
lay between 0 - Thus the experimental section was charged
with a copper-nickel mixture containing about 4$ nickel and at 
the commencement of the run pure copper was fed in from the 
upper feed bed. It was only necessary to obtain the difference
in output between a 4$ nickel mixture and pure copper, both of 
which were recorded on the strip chart, to convert the nickel 
concentration at any point in the run into a percentage of 
tracer present in the outflow. This was made simpler by the 
fact that the output of the detector was linear in the range of 
nickel concentrations chosen.
The only trouble experienced with this method was 
due to transients in the mains supply, which caused the trace 
to peak. These could be attenuated by increasing the damping 
of the servo-motor. However, this was thought to be undesirable 
as it tended to give a false impression of the steadiness of 
the trace and accuracy of the method, apart from which the 
peaks caused by such transients were easily recognisable. To 
avoid many of these transients it was merely necessary to 
conduct the runs at a time of day when heavy equipment was 
being neither switched on nor shut down. A stabilised power 
supply would have provided a complete cure.
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(c) CALIBRATION OF DETECTOR
As mentioned in an earlier section, several coil 
layouts were tested in order to find which configuration would 
best suit the purposes of this method of analysis. Those 
tested were as follows:
(1) mean dia. x 2" long x 5 turns deep;
(2) J-" " " x 4" " x 2 " ' " ;
(3) " " x 4” " x 1 turn ” ;
(4) 1" " " x i" " x 50 turns " .
For each of these coils the signal generator was set 
to the same output voltage, and the frequency varied over the 
range 50 c.p.s. - 10,000 c.p.s. The results of these tests 
may be seen in Figs. (14), (15)» 06); as is clear from these 
curves, coil number four gave the highest output, this being 
largely due to the mutual inductance of the two coils being 
very high. The difference between the air gap output and that 
for a 50^ nickel mixture is seen to be only a small percentage 
of the first signal, except in the range 100 - 200 c.p.s. This 
meant that to get a useful signal of 50 mV it would be necessary 
to back off some 5 Volts. This was not possible with the 
equipment available since the amplifier had a maximum undistorted 
output of 1.5 Volts. As a result of this it was decided that 
an amplifier output not exceeding 1000 mV would be used, as a 
safety precaution. In this case if a signal of 50 mV was 
required as the maximum at the recorder, the ratio of error 
signal to mutually induced voltage for the air gap could not 
exceed 950 * 50 or 19 * 1*
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The run mentioned above is for a 50$ nickel mixture; 
as has been pointed out elsewhere a nickel percentage of 4 was 
not to be exceeded. Thus the effect required for a 50f° nickel 
mixture for the error signal, air gap signal ratio will be of 
the order of 1 : 2. From Figs0 (15)> 06) it will be seen 
that coils two and three best meet this requirement between 
frequencies of 100 c.p.s. - 600 c.p.s. in each case. These 
were the considerations that decided the coil design; a coil 
of two turns depth was chosen as this gave twice the output of 
a coil one turn deep for the same ratio of error signal to 
air gap signal. In the following paragraphs will be found a 
description of the characteristics of this coil.
(l) Frequency response
In this test the signal generator output was held 
constant at 1 Volt on the built in valve voltmeter and the 
frequency of the AC signal to the primary coil of the detector 
was varied. The output of the secondary coil was measured on 
an external valve voltmeter whose full scale deflexion was 
variable from 1 mV - 10 V in nine ranges. Fig. (15) shows some 
of the results obtained in these runs for two copper-nickel 
ratios. It will be seen that at a frequency of 1200 c.p.s. 
the curves intersect and continue as one for increasing frequency. 
This is thought to be due to the inability of the internal 
structure of the ferromagnetic particles in the detector to 
become reorientated as quickly as the changes in flux above this
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frequency would require. This phenomenon also makes itself 
apparent in Figs. (14) > 06) > 03)*
(2) Variation of primary signal voltage at several frequencies
The results of these runs are plotted in Fig. (18). 
The procedure followed was to set the signal generator to a 
given frequency and then vary the output of the generator over 
its whole range from 0 - 4  volts. As would be expected, except 
at very low outputs when the accuracy of the built in voltmeter 
is liable to be the limiting factor, the plots are linear. 
Ultimately with increasing voltage the curves would flatten 
out and become horizontal when the core became saturated, a 
situation which was not even remotely approached in the above 
runs.
(3) Variation of frequency at several signal generator outputs
In this series of runs the voltage output of the 
signal generator was held constant and the frequency output 
varied from 100 - 10,000 c.p.s., this being repeated for four 
voltages. The results may be seen in Fig. (13)« A family of 
curves was produced all bearing a striking resemblance to one 
another and showing a sharp discontinuity at 1100 c.p.s. as 
anticipated.
(4) Detector calibration
In this run performed on the finished detector as 
used in all subsequent experiments, the bed was charged with 
exactly 20,000 grams of pure copper. The signal generator was
set to an output of 2 volts at 450 c.p.So, the frequency being 
monitored on an oscilloscope. The secondary coil voltage was 
continuously recorded on the strip chart recorder. Also a 
stream of air at bed temperature was passed through the detector 
to maintain its temperature at that of the bed. This was to 
ensure that no change in temperature took place at the commence- 
sment of a run, thus avoiding a change in coil resistance, with 
its consequent secondary output variation. The bed was violently 
fluidised for some 20 minutes, material being constantly with­
drawn and replaced in order to avoid any dead spots of different 
concentration occurring in the outlet lines or flow meter. At 
the end of this time the detector was placed beneath the flow 
meter, and the solids outflow allowed to pass through it at a 
constant rate. The trace on the chart was suitably marked on 
the chart to indicate the nickel concentration involved. This 
procedure was repeated five times, in order that a more accurate 
result might ensue.
The next step was to add 250 grams of nickel to the 
bed, when the whole of the above process was repeated, after 
which time a further 250 grams of nickel were added until a 
total of 2,000 grams had been added. From the chart trace the 
detector error signal was measured and plotted against percentage 
nickel - Fig. (17)9 from which it is apparent that the relation­
ship is linear in the range of concentration from 0 - 5 above 
which it deviates appreciably from linearity. Whilst there is
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no strong objection to using high nickel concentration, it was 
felt that to reduce the labour involved in interpreting the 
strip chart record, and also to remove the additional chance 
of translational errors, a nickel concentration in excess of 4$ 
would not be used. Operation at higher concentrations would 
have involved the use of a calibration curve which would have 
had to be referred to for each determination of outflow 
compositiono %
The effect of very low concentrations was not
investigated; it was possible that at these low values the 0
■r>
linear portion of the curve gave way to a curved portion; 
however, in most cases the run had been terminated before the 
tracer percentage fell below 10<fo of its maximum value. Since 
the number of particles involved in an analysis at any given 
moment was of the order of 200,000, a 100^ tracer concentration 
involving a nickel percentage of 4 would mean that the total 
number of nickel particles whose effect was being measured was 
8,000. For a 10/o tracer concentration the number would be 800.
This is not an unreasonably low figure, especially in view of 
the fact that the analysis is being made on a continuous stream, 
and thus the spatial position of each particle assumes much less 
importance than it would do in a static system. The steadiness 
of the trace was the best indication of the accuracy of the 
method. For a given concentration this was as low as of 
the full scale deflexion, this being the limit of the instrument’s 
discrimination.
There is no reason why this method should not be used 
for even lower concentrations provided the detector volume is 
enlarged in order to ensure that a great enough number of 
particles are being considered in any analysis.
(a) DEFINITION OF MINIMUM FLUIDISIHG AIR RATE
A study of the pressure drop versus air rate plot on 
logarithmic paper will show that the idealised case of two 
intersecting straight lines is never actually realised in 
practice. At the most critical part of the curve, that portion 
in the vicinity of the intersection, readings become less and 
less reproducible and instead of there being a sharp transition 
from one straight line to the other, there is a rounding off 
of the sloping line until it becomes near horizontal.
The shape of the curve is also dependent upon the 
manner in which it was obtained. That is to say, was the air 
rate being progressively increased from zero, or steadily 
decreased from the well fluidised state, or lastly decreased 
suddenly from the well fluidised state, to the required value, 
as was done by Sutherland at Harwell?
In this work the rising air rate method was immediately 
rejected, as initially the bed is in an unpredictable state of 
compaction, owing to any number of external disturbances which 
may affect the settled state of the bed. This method tends to 
give a lower value of minimum fluidising velocity than others, 
owing to the fact that the initial slope of the plot is greater 
than in these other methods, since the reduced voidage of the 
compacted bed produces a greater resistance and thus a higher 
pressure drop for a given flow. Values for minimum fluidising 
velocity obtained using this method are not confirmed by probing 
the bed with a thin rod.
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Use of the .falling,air rate method does, however, 
give reproducible results and these are more often confirmed by- 
probing the bed (a very unsatisfactory test) than others.
The system used at Harwell by Sutherland and others 
consists of first fluidising the bed, at a rate above that to 
be measured; the air flow is then suddenly reduced to the 
required value. Now at air flows above that necessary for 
fluidisation this method has nothing against it. But when 
working in the fixed bed range, there is great difficulty in 
obtaining consistent bed packing, especially when reducing the 
air flow quickly or at an uncontrolled rate. Often, particularly 
if the air rate is reduced suddenly, the bed will collapse quite 
violently, thus compacting itself much more than would be the 
case if the air rate were shut off slowly. This tends to give 
a lower value to the minimum fluidising velocity than the falling 
rate method in which the air rate is. reduced at not more than 
5io of the flow per half minute, thus ensuring that the bed is 
not subjected to violent pressure surges. The rate of reduction 
of air flow was usually much slower than this, especially in 
the fixed bed range, as the pressure drop across the bed was 
being measured by a manometer, in the line to which was a ..very 
fine constriction, to reduce surges in pressure due to slugging, 
the flow through this stricture being so slight that it was 
often a considerable time before a steady value was recorded on 
moving from one air rate to the next, the change in pressure 
being as much as one pound per square inch.
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The disadvantage of the increasing air rate method 
was recognised by Lever et al« who recommended increasing the 
value obtained by this means by 10$.
There are many empirical correlations for predicting 
the onset of fluidisation, none of which were tested in this 
work, since all include a particle diameter term. For such a 
range and distribution of particle sizes as found here there 
is no satisfactory method of obtaining the mean particle 
diameter to the required accuracy, such that it might be used 
with confidence in any of these correlations. The correlations 
find their application rather in the indication of the relative 
importance of the variables included in them, than in the 
accurate prediction of the onset of fluidisation in a specific 
case.
One further point is that these correlations only 
include the more important variables; those such as surface 
finish, influence of electrostatic forces, humidity, and many 
others have to be excluded, owing to the present lack of 
quantitative knowledge concerning their effects.
On account of the factors outlined below it was decided 
to utilise the falling air rate, reducing the flow at a 
controlled and slow rate, the value of the minimum fluidisation
f
rate being that at which the two straight line portions inter­
sected when produced.
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Chapter 6 .
(a) EXPERIMENTAL- TECHNIQUE•
The portion of the F-diagram of greatest interest 
in this series of experiments was the portion between vt/V 
equal to 0 - 1.5° As the accuracy of the analytical method 
employed to determine the solids outflow concentration was 
greatest at high concentrations of tracer falling off for 
decreasing concentrations, it was decided to charge the 
experimental section with 100$ tracer and feed in pure copper 
or zero tracer from the top., This procedure would ensure that 
the greatest accuracy possible was obtained for the F-diagram 
production. The same argument applies with regard to the 
ballotini system; the analytical methods attained their 
greatest accuracy at high tracer concentrations*
F-diagram production was chosen in preference to 
that of C-diagrams, since the latter produced a peak of tracer 
concentration which was many times greater than the mean 
concentration * This meant that either the peak or the remaining 
part of the curve would suffer from loss of accuracy in analysis 
Also F-diagrams,,.bearing in mind the nature of the results 
expected, were more readily interpreted numerically* A further 
advantage of the F-diagram was that direct comparison with the 
work of others was then possible.
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When each bed had been bolted"into place on the 
distributor plate, and a careful check made for any air leaks 
between the rotameters and the distributor section, a series 
of pressure drop air rate curves were plotted. This was carried 
out in order to determine the minimum fluidising air rate. At 
the same time bed expansion was also measured.
The bed, which had been filled to the required height 
before the pressure drop runs, was allowed to flow out through 
the flow meter, and its contents weighed. The bed was then re- 
rcharged to the same height as before with 100$ tracer material, 
and vigorously fluidised for about 10 minutes at aspect ratios 
of 8 i 1 or for 30 minutes at aspect ratios of 24 : 1. During 
this period the material was constantly being recycled, in 
order to avoid any dead spaces of different concentration to 
the main bulk of the bed occurring in the outflow lines or flow 
meter. These periods of time were chosen after runs, in which 
•the initial bed composition was two equal layers of 100$ tracer 
.and pure copper, had been performed. These consisted of taking 
samples continuously and recycling the outflow until a steady 
trace on the strip chart recorder was obtained.
After this initial mixing period the bed was fluidised 
at the air rate appropriate to that run and left at this value 
for five minutes to ensure that the supply of aii* was steady*
At the commencement of a run the closures of the top and bottom 
orifice meters were removed simultaneously, and in the case of
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the ballotini, samples were taken at the time intervals best 
suited to the particular run in question. For the copper nickel 
system the chart drive motor was switched on two minutes before 
the start of the run to check whether a steady trace was being 
produced, the analysis being continuous from the removal of 
the flow meter closures.
The majority of runs were terminated at vt/V « 1«5> 
this was to conserve material, as its treatment in the case of 
ballotini was a lengthy process. Usually beyond this point the 
curve was approaching the asymptate ,C/C = 1  at a very slow rate 
of change of gradient. However, some runs were continued 
beyond vt/V = 2; the purpose of this was to make the prediction 
of the curves beyond vt/V = 1.5 more certain.
The material issuing from the bed for a time equal to 
that at which the outflow concentration had decreased to 70$ of 
its original value was set aside for further use in a subsequent 
run. The remainder of the outflow leaving the bed after this 
time was consigned to the dye extractor to be converted into 
pure undyed material in the case of the ballotini system.
When the copper nickel system was being used any 
material that was not 100$ tracer was set aside to be processed 
in the continuous electromagnetic separator, this being possible 
because the separation was so easily effected there was no need 
to compromise.
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When ballotini was the material being fluidised, 
two samples each of initial experimental section and feed 
bed composition were taken, as the accuracy of analysis of 
all samples taken depended upon the precise knowledge of these 
two values.
Elutriation of fines and erosion
Since the fluidising air rates were not to exceed 
2 G0 in this series of experiments the actual removal of fines 
from the bed was not regarded as a very real problem. However, 
in using a size range the possibility existed of some of the 
smaller particles being transported to the top of the bed and 
remaining there as reported by Gray (23)» thus giving rise to 
a fines concentration gradient through the bed.
This concentration gradient could lead to serious 
errors in the outflow analysis used for the ballotini system. 
This will be clearly seen if it is borne in mind that the 
method depends upon the quantity of dye spread over the surface 
of the glass spheres, to obtain a concentration reading, 
assuming that the dye is spread at an even thickness over the 
surface of all particles whatever their size. The above 
assumption was supported by a test performed in which two 
narrow size ranges 127 - 157 microns and 317 - 353 microns 
were sieved from the same batch of, dyed ballotini. Since the 
volume of a sphere varies as the third power of its diameter 
and the surface area varies as the square of its diameter, it
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will be seen that for a sample of given volume as would be 
produced by the sampling cell, the surface area would vary as 
the reciprocal of the particle diameter used in each sample.
Each of the above size ranges was sampled twice and 
analysed in the normal manner, the results being in good agree- 
iment with the constant dye thickness hypothesis* However, 
since the size distribution within each range was not known it 
was impossible to say with complete confidence that the coating 
was even, but that it was a reasonable assumption is clear.
For this reason also it was felt desirable to limit the extent 
of the size range used to a diameter ratio of 2 : 1 .
To take an extreme case, assume that the surface 
coating of all particles is of a uniform thickness, then with 
a given volume of sampling cell, the quantity of dye will be 
proportional to the reciprocal of the particle diameter. If 
these diameters are 150 microns and J00 microns respectively, 
the readings on the spectrophotometer (if working in the range 
where its response is linear) will be, say, 60$ density for the 
150 micron particles and 30$ for the larger size, an enormous 
error.
Such a situation could never arise in the present 
set of runs, owing to the fact that two discrete size ranges 
were not used, the size distribution chosen being nearly normal 
so the percentages of particle sizes at the limits of the range 
are only small, this reducing the magnitude of any errors such, 
as that mentioned above. Also because as Gray (23) showed,
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the magnitude of the segregation effect is never great enough 
even remotely to approach the hypothetical situation outlined 
above. The example does show that unless precautions are 
taken in this field errors of a considerable magnitude may 
result if surface coating of materials is used as a part of 
the analytical technique.
Other sources of error were anticipated in the use 
of this method, and steps were taken to assess their magnitude.
(1) Elutriation
In this test the bed was filled with dyed ballotini 
and violently fluidised for one hour with continuous recycling 
to ensure a homogenous composition. After this period the bed 
was fluidised at 3 x Go for two hours, when the solids were 
allowed to flow from the base of the bed, 10 samples being 
taken at equal time intervals during this period. The analysis 
of these samples indicated that with the size range and air 
rates used no detectable elutriation effect was observable.
(2) Erosion
The bed was charged with dyed particles and gently 
fluidised at 1.5 G0 for half an hour, the solids being continu- 
sously recycled during this time from the base to the top of 
the bed. The contents of the bed were then sampled and the 
tracer concentration determined. The bed was then violently 
fluidised for three hours at 3 x G0 . It was not felt that there 
was any possibility of the particles being broken up, but that
there was a chance that the surface coating1 might become 
detached. If this did happen in all probability it would be 
transported from the bed owing to its light weight, large 
surface area and the high air rate,used. . After three hours 
more samples of the bed were taken and were found to be 
identical with those recorded earlier.— These results were 
also obtained by Cocquerel (58) in similar tests.
In the case of the copper-nickel system it was not 
necessary to go to such lengths as was done for the ballotini 
system, the method of analysis and the nature of the material 
both being totally different.
However, one test was made because it was not known 
what effect particle size would have upon the detector response. 
Assuming classification of Solids took place, and a layer of 
fines was created at the top of the bed, since the size 
distribution of copper and nickel was identical the percentage 
tracer throughout the bed would remain the same. Thus if 
particle size had no effect upon the detector there was no way 
apart from sieve analysis to test for the classification effect. 
To test this two size ranges were prepared, each containing the 
same concentration of nickel, one t*ange being 127 - 157 microns, 
the other 517 - 353 microns. These were both well mixed in the 
bed by the same procedure adopted for all such tests. The bed 
contents were then run out through the detector, the same 
response being recorded for each size range, the range of smaller 
sizes giving a somewhat steadier trace.
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It was then possible to test for the elutriation of 
fines, knowing that the detector could not detect any classi­
fication effecto Thus after a period of violent fluidisation 
had taken place the bed was divided into two portions, an 
upper and lower, and a comprehensive sample taken of each, 
this,being subjected to a sieve analysis. The results for 
each analysis were so similar that any elutriation effect was 
ignored in all future runs. Bearing in mind the very low 
fluidising air rates used this assumption seems to be quite in 
ordero
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(b) TREATMENT OF MATERIAL
Ballotini
On receipt of the ballotini from the manufacturers 
a sample from each drum was subjected to a sieve analysis, the 
results of which bore little connection with the specification 
quoted on the order. Thus it was necessary to sieve all the 
material received, and a size distribution similar to that 
found in Fig. (19) was prepared. A size range rather than 
one discrete particle size was chosen for three main reasons: 
firstly, conditions met with in practice involve a range more 
usually than a single fixed particle size. Secondly, in order 
to produce a sufficient quantity of a discrete particle size, 
a vast quantity of material would have had to be purchased 
with much of it wasted. Thirdly, the quality of fluidisation 
has been found to be improved if a size range is used as against 
a single size of particle.
This size distribution having been prepared, a 
series of tests were performed in order to ascertain what was 
the optimum quantity of Diakon powder required to bring about 
the bonding of the surface dye to the glass particles. It soon 
became clear as a result of these tests that glass which had 
been treated with Diakon did not behave in the same way as did 
plain untreated glass spheres. Microscopic examination revealed 
that there existed relatively large aggregates of the smaller 
particles; in addition there were some particles to which,were
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attached pieces of Diakon of almost equal size. The aggregates 
were removed by sieving and discouraged from forming by the 
reduction of the quantity of Diakon used.
A further precaution was to narrow the particle size 
range until it extended from 120 microns to 300 microns. Thus 
it was possible on sieving through a 310 micron sieve to remove 
virtually all aggregates formed, since few of these would.be of 
less diameter than 310 microns, with the percentage distribution 
used. Examination of the sieved material under the microscope 
showed this assumption to be justified when the revised size 
range was treated with the minimum necessary quantity of Diakon.
Further tests revealed that the flow characteristics 
of the dyed material were appreciably different from those of 
the untreated particles. The dyed material passed through a 
given orifice at a slower rate than the undyed glass. If any 
degree of accuracy was to be obtained in the measurement of flow, 
and any confidence placed in the assumption that the tracer and 
bulk of the bed material would behave in a similar manner, it 
was clear that all the material involved in the fluidisation 
experiments would have to be treated with the same quantity of 
Diakon, the only difference being that some would have dye added 
to the Diakon solution. This resulted in equal flow rates 
being obtained for both dyed and undyed material, but added 
considerably to the quantity of preparation required for each 
run.
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The final values chosen were 1 gram of Waxoline Sky- 
Blue, 10 grams of Diakon powder, in 300 cc. of chloroform 
added to 10,000 grams of ballotini. It was found that the most 
satisfactory method of applying the dye to the ballotini was by 
manual agitation. The procedure was to pour 10,000 grams of 
ballotini into a 10 gallon drum, followed by the chloroform 
solution, which was blended in by hand until the colour of the 
whole was uniform. Any slight variations in colour were of no 
great importance since the entire batch would be well mixed 
before use. It was important to avoid the use of too great a 
volume of chloroform as this tended to lead to caking and 
increased tracer concentration in the surface of the batch as 
the chloroform evaporated. The damp ballotini was then placed 
in shallow trays and allowed to dry over-night. When dry it 
could easily be broken up by hand or sieving, which was the 
next stage in the treatment, after which it was transferred to 
the bed and fluidised, first being mixed with some of the more 
concentrated outflow from a previous run.
Copper-nickel
The particles of both copper and nickel used in this 
series of runs were both subjected to the same treatment once 
the size distributions of each material had been made up. The 
entire batch was sieved on arrival and it was found that more
n -
than 80$ fell into the range 100 - 350 microns. As a result of 
this a size distribution was made up, the composition of which 
is shown in Fig. (19)»
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The copper particles showed very little deviation 
from sphericity when subjected to microscopic examination, but 
the nickel batch contained many misshapen particles. These 
were removed by inclining a wooden tray with a non-polished 
surface at a small angle to the horizontal; the nickel 
particles were fed slowly onto the top of the tray, down which 
by judicious manipulation of the angle of inclination the 
spherical particles would run with ever-increasing velocity 
whilst the non-spherical ones would only just slide down. A 
box with a central division parallel to the lower edge of the 
tray was placed beneath it, in such a position that the spherical 
particles fell into the division further from the tray, and the 
misshapen ones into the nearer division. This method had 
earlier been used at Harwell to effect a similar separation.
When all the spherical particles had been separated a size 
distribution identical with that of the copper particles was 
made up - Fig. (19)•
It was suspected in the light of earlier experiences 
that the surface properties of copper and nickel might differ 
sufficiently to cause some appreciable difference in fluidisation 
or flow characteristics. To test this a mixture of 10$ nickel 
was made up and violently fluidised for several hours, the out­
flow being continually recycled. At the end of this time the 
detector was placed at the outflow and the bed emptied. The 
resulting strip chart trace was a straight line indicating a
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constant detector output. The opinion was formed as a 
consequence of this test that no further treatment was needed, 
the two materials being nearly identical with regard to physical 
properties.
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(c) ABSOLUTE DENSITY MEASUREMENTS
All measurements and readings referred to under 
this heading were made in a constant temperature enclosure.
Also all materials used had been allowed to attain the 
temperature of the enclosure "before work commenced.
The method adopted for both ballotini copper and 
nickel was the same. This involved the initial weighing of a 
graduated stoppered standard 250 cc. flask, which was then 
approximately three-quarters filled with the material under 
test and re-weighed. The volume of the flask was then made up 
to within about 20 cc. of the graduation mark with pure 
chloroform whose density had been determined earlier. The 
flask was then stoppered and agitated vigorously until the 
entire contents had been wetted by the chloroform. This was to 
remove any air inclusions, the agitation continuing until no 
further bubbles were observed to rise. The volume of the flask 
was then made up to the graduation mark and the whole re-weighed
Chloroform was used as the displacing medium, owing 
to the fact that the ballotini had after manufacture and before 
delivery been treated with a water repellant silicone grease 
which provided a most stubborn resistance to removal by more 
common solvents. However the grease had proved to be soluble 
in chloroform, which also has a lower surface tension than water 
thus it provides a less attractive environment for the existence 
of air bubbles, an added advantage being that it is more dense
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than water and thus increases the accuracy of the determination.
As far as glass ballotini is concerned, it has been 
shown by Gray (25) that a large proportion of the particles 
may contain air inclusion, thus the density figure obtained by 
the use of a sample of such material would not be the actual 
density of the glass but some lower figure. Microscopic 
examination of several samples of the ballotini used in density 
measurements revealed that few of the particles in this batch 
suffered from this defect. A result of this nature might have 
been due to faulty sampling techniques, although this is doubtful 
in view of the number of samples examined, or to an improvement 
in manufacturing methods. At all events, knowledge of the 
absolute density is in the case of ballotini of purely academic 
interest, since its use would be limited to equations where the 
expected magnitude of the error due to air inclusions nowhere 
approached the lack of precision of the relationship between the 
density and the variables. This is particularly true in the 
case of these experiments where a range of particle sizes is 
used rather than one discrete particle diameter.
The density measurements of copper and nickel were on 
the other hand of great importance, as it was vital to know by 
how much their densities differed and whether it was possible 
to ignore the difference. The density of copper is of a very 
variable nature depending upon its method of preparation or 
manufacture.
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DETERMINATION OF SOLID DENSITIES 
(All measurements at 20° C)
Density of chloroform
Weight of 250 cc. flask 205*6 gm.
Weight of flask + 250 cc. of chloroform 577*3 gm*
Volume of chloroform 250 cc.
Weight of chloroform 372.7 gm*
. o Density of chloroform 1*49 gm./cc.
Density of ballotini
Weight of 250 cc. flask 205*6 gm.
Weight of flask + ballotini sample 562.3 gm*
Weight of flask + ballotini + chloroform 710.8 gm.
Weight of chloroform 148*5 gm.
Volume of chloroform 99*7 cc.
Volume of ballotini 150.3 cc.
Weight of ballotini 356.7 gm*
Density of ballotini 2.373 gm./cc.
Weight of 250 cc. flask 205*6 gm.
Weight of flask + ballotini sample 591*8 gm.
Weight of flask + ballotini + chloroform 722.6 gm.
Weight of chloroform 130.8 gm.
Volume of chloroform 87*7 cc.
Volume of ballotini 162.3 cc.
Weight of ballotini 386.2 gm.
Density of ballotini 2.380 gm./cc.
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The following values are the mean of two runs:
Density of copper
Weight of 250 cc* flask 
Weight of flask + copper sample 
Weight of flask + copper + chloroform 
Weight of chloroform 
Volume of chloroform 
Volume of copper 
Weight of copper 
Density of copper
Density of nickel
Weight of 250 cc. flask 
Weight of flask + nickel sample 
Weight of flask + nickel + chloroform 
Weight of chloroform 
Volume of chloroform 
Volume of nickel 
Weight of nickel 
Density of nickel
Bulk density measurements
Owing to non-reproducibility of results no bulk
density measurements were made on settled beds of material.
The degree of compaction of any bed was something which could
be disturbed by a variety of external occurrences, the value
of the settled bed bulk density being of little consequence in
the work performed in this series of runs.
However, bulk density measurements were required at
the point of incipient fluidisation, so that a suitable taper
could be designed. To this end the first system investigated
205.6 gm.
1480.7 gm.
1639.7 gm*
159*0 gm*
106.7 cc.
145* 5 cc.
1275*1 gm*
8.89 gm./cc.
205*6 gm.
1551*8 gm* 
1698.9 gm.
147.1 gm.
98.1 cc.
151*9 cc. 
1346.2 gm.
8.86 gm./cc.
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involved a 3M diameter cylindrical perspex tube some eight feet 
in length; this was filled to a depth of approximately two 
feet and then fluidised. The pressure drop at the minimum 
fluidising velocity, which was determined by the method 
described in Chapter 5? was then measured together with the bed 
height at this air rate. The same procedure was repeated for 
a further four bed heights up to a maximum of six feet. A 
graph was then plotted of pressure drop versus bed height, 
the result being a straight line whose gradient gave the 
required pressure drop per foot length. This figure in the 
case of the copper nickel system being 2.315 p.s.i./foot length 
was then used in the profile design equation.
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(d) REPRODUCIBILITY OF RESULTS
Before any experimental runs were performed with a 
view to using them for computational purposes, it was necessary 
to take steps to ensure that the analytical method as applied 
to the solids outflow was capable of producing results upon 
which complete reliance could be placed. To this end a series 
of runs was planned, at a bed height of 32" in the cylindrical 
bed with the solid flow rate at the low value. For each value 
of air rate used five replications were made; these are 
reproduced in Fig. (20).
The results of these tests show that a greater error 
is liable to be introduced in the drawing of the F-diagrams by 
the experimenter, owing to poor judgement on the part of the 
experimenter, than by any defect in the apparatus or analytical 
methodo It must be emphasised that these test runs were not 
conducted within the region of transitional air flows, in which 
the mixing mechanism appears to change. In this range results 
were not found to be reproducible, and any runs made in this 
range would not have provided a valid comment on the performance 
of equipment or method.
The low value of solid flow rate was chosen in order 
that the greatest possible number of ’’mixing events” should be 
allowed to take place, within the duration of a run, thus 
increasing the probability that conditions in the bed would be 
the same for each test.
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The points shown in Fig. (20) on the experimental 
F“curves are not those obtained directly from the strip chart 
trace, as these were for convenience all made at equal time 
intervals. They are points taken from the curves plotted from 
the previously mentioned points. It would, however, have led 
to confusion had the calculated points been used, since in 
many cases they lay so close to one another that representation 
on the scale possible in this work would have resulted in many 
of them occupying the same points as others.
No statistical analysis of these test runs has been 
made with regard to confidence limits, standard deviation, or 
standard error of the hold back values. The reason for this 
was that it was felt the methods of mathematical analysis, and 
the assumptions and approximations made in the formulation of 
these methods, did not warrant such a treatment, especially in 
view of the consistency of the results obtained.
Some runs in the subsequent series had to be discarded 
and repeated, either because of violent fluctuations in the 
mains voltage, with which the constant voltage transformer 
could not cope, or because of drifting of the signal generator 
output. The effect of these disturbances was to change the air 
gap datum on the chart trace. .Thus if the traces corresponding 
to this value were not correctly aligned before and after the 
run it was rejected and repeated.
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It will be observed that the results become less 
consistent the lower the air rate; this is to be expected 
since the number of ’’mixing events” is reduced owing to the 
decrease in the number of bubbles formed in a given time.
The deviations from the mean value are not necessarily 
due to any shortcomings of the detector set-up, but rather they 
may be a manifestation of the randomness of the macroscopic 
mixing process, which would occasion surprise if absent.
It is clear that a constant error cannot be said to 
apply for the whole range of experimental variables. The 
accuracy will be highest at large bed heights, low solids flow 
rate and high gas rate (not in transitional range), and lowest 
for shallow beds, low gas rates (above the minimum fluidising 
rate) and high solid flow rates.
V•/sros'/frrgj--f}Q?rnrj ^
(
/
O
O
-
 
LR
. 
/
Q
too
20 £ 3
: i : : ; :
1Z A P H  Of
i i
Tt— :
C 6  fMtrfe fljf CS-Kfcw
H i
%Q
no
J=Xa ££.u<tt ES>i£-rTr y  i^ o i n S
”71;M g 2eiio | ONi«>pyottgc>
i
6o
So
4o :i*r
•So
-t;-
I
2.0
-4.:-
frrrttr 
1 :r:£ M y-:
it*
tr
l Q
i '■ rtf '"-'
*
ttrrh 
TtSl-:
4-UJ41-^4
1
S 'ii+tHdtr; ri
::t± +n rt+j
i o -io •5o
tuw.:Jf'u
•r\Yv.\V-t- E i-E £ i
So 6 0  7 0  ® D
S2L& A I OO 
V
152
S Chapter 7
RESULTS
All diffusivities expressed in sq. ft./sec. units.
Suffix following a value of diffusivity indicates 
the method by which it was calculated, e.g.
B: Modified Dankwerts1 curve fitting.
W: Westerterp and Landsman.
B: Hold back from Brenner's Bata.
HVT: represents Half Value Time.
The seven digit number which precedes the tabulation 
of P(t) and vt/V is the run code number which defines the levels 
of the variables for that run:
1st digit
1 - Cylindrical Bed.
2 - Harwell Tapered Bed.
5 - Ideal Tapered Bed.
2nd and 3rd digits - Bed height in inches.
4th and 5th digits - Solids flow rate in grams./min.-5- 100.
6th and 7th digits - Air rate in litres/min. uncorrected.
The number in brackets following the run code is
the value of vt/V at which the F-curve lifts off from the line 
F(t) = 0.
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Cylindrical Bed 
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate
Copper-Nickel System 
15"
9780
5530 gm./min.
0.0075 ft./sec.
23 lit./min.
Aspect ratio 5 : 1
Turnover time 2.75 mins.
1153520 (0.765) 1153522 (0.715) 1153524
00LT\
O
Air rate 20 lit./min. 22 lit./min. 24 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/v
0.05 0.800 0.05 0.760 0.05 0.587
0.15 0.818 0.15 0.802 0.15 0.688
0.25 0.825 0.25 0.818 0.25 0.744
0.35 0.828 0.35 0.830 0.35 0.778
0.45 0.833 0.45 0.832 0.45 0.810
0.55 0.843 0.55 0.843 0.55 0.838
O .65 0.857 0.65 0.862 0.65 0.867
0.75 0.887 0.75 0.897 0.75 0.912
0.85 0.950 0.85 0.968 0.85 1 .006
0,95 1.057 0.95 1.107 0.95 1 .200
Half value
time 0 .50- 0.837 0 .50- 0.837 O.5O-- 0.824
Hold back' 0.1354 0.1387 0.1795
Diffusivity
Air rate 
Peclet No.
0.00083 D 
0.000575 B 
0.000024 W
0.87 GrQ
16.4 B 
400 W 
11.3 D
0.00075 B 
0.00062 B
0.000027 W
0.96 O r' o
13.2 B 
300 W
1 2 . 6  D
0.0011 D
0.00115 B
0.00016 W
1.04 Go
8.10 B 
57 W 
8.6 D
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Cylindrical Bed C°pper-Fickel Syst*
Bed height 
Bed weight 
Solids flow rate
15"
9780 gm.
5550 gm./min.
Mean solid velocity 0.075 ft./sec
Minimum fluidising rate 25 lit./min.
Aspect ratio 
Turnover time
5 : 1
2,75 mins.
1155525 (0 .210) 1155526 (0 .150) 1155527,(0 .080)
Air rate 25 lit./min. 26 lit./min. 27 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.260 0.05 0.202 0,05 0.150
0.15 0,520 0.15 0.275 0.15 0,228
0.25 0.588 0.25 0.545 0.25 0,502
0,55 O.48O 0.55 0.425 0.55 0.585
0.45 0.592 O .45 0.551 0,45 O.49O
0.55 0.750 0.55 0.674 O .55 0.655
0.65 0.885 0.65 0.888 0.65 0.888
0.75 1*097 0.70 1.020 0.70 1.050
0.80 1,255 0.75 . 1.197 0.75 1.240
0.85 1*450 0.80 1,450 0.80 1.550
Half value 
time 0.50 -0.657 0.50 -0.595 0.50 - 0.565
Hold back 0.5551 0.5644 0.5884
0.0045 D 0.0056 D 0.0071 D
Diffusivity 0.0152 B 0.0500 B 0.0071 D
Air rate
0.00525 W 
1.09 G0
0.0091 w
1.15 Go 1.17 G0
Peclet.No. 0.62 B 0.52 B 0.80 B
1.8 W 1.0 W W
2.15 D 1.68 D 1.50 D
158
Cylindrical Bed Copp er-Nickel Systen
Bed height 24"
Bed weight 15170 gm.
Solids flow rate 3530 gm./min.
Mean solids velocity 0.00775 ft./sec
Minimum fluidising rate 25 lit./min.
Aspect ratio 8 • 1
Turnover time 4.3 min.
1243526 (0.710) 1243526 (0.625) 1243527 (0 .765)
Air rate 26 lit./min. 26 lit./min. 27 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/v
0.05 0.812 0.05 0.690 0.05 0.834
0.15 0.885 0.15 0.742 0.15 0.894
0.25 0.912 0.25 O .766 0.25 0.920
0.35 0.925 0.35 0.791 0.35 0.935
O .45 0.938 O .45 0.821 O .45 0.946
0.55 0.949 O .55 0.866 0.55 0.957
O .65 0.961 O .65 0.943 O .65 O .968
0.75 0.975 0.75 1.065 0.75 1.032
0.85 1.000 0.85 1.250 0.85 1.272
0.95 1.080 0.90 1.385 0.95 1.560
Half value
time 0.50 - 0.944 0.50 - 0.840 0.50 - 0.952
Hold back. 0.0669 0.1382 0.05555
0.00024 D 0.0010 D 0.0021 D
Diffusivity 0.00022 B 0.0010 B 0.000154 B
0.0000285 W 0.00041 0.000154 w
Air rate 1.04 00 1.04 c0 j1
1.08 G0
Peclet No. 70 B 13*2 B 100 B
540 W 32 W 100 W
64.5 D 15.5 D 7.4 D
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Cylindrical Bed Copper-Nickel System
Bed height 24"
Bed weight 15170 gm.
Solids flow rate 3530 gm./min.
Mean solids velocity 0.00775 ft./sec
Minimum fluidising rate 25 lit./min.
Aspect ratio 8 : 1
Turnover time 4<>30 mins.
1243527 (0 .510) 1243528 (O.465) 1243529 (0.285)
Air rate 27 lit./min. 28 lit./min. 29 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/y
0.05 0.562 0.05 0.533 0.05 0.335
0.15 0.617 0.15 0^610 0.15 0.410
0.25 0.662 0.25 0.676 0.25 0.472
0.35 0.708 0.35 0.737 0.35 0.550
0.45 0.761 0.45 0.797 0.45 O.64O
0.55 0.821 0.55 0.877 0.55 0.763
O .65 0.902 O .65 1.003 0.65 O .936
0.75 1-032 0.70 1.100 0.70 1.042
0.80 1.134 0.75 1-220 0.75 1o172
0.85 1-273 0.80 1.357 0.80 1,370
Half value
time 0.50 -0.790 0.50 - 0.830 0.50 - O .696
Hold hack 0.1968 0.1786 0.2884
0.000175 D 0.00175 D 0.0055 D
Diffusivity 0.00245 B 0.00187 B 0.0094 B
0.00093 w 0.00167 w 0.0053 w
Air rate 1.08 G0 1-12 Gr0 1.16 G0
Peclet No. 6,28 B 8.20 B 1.64 B
16.5 W 9.2 W 2.9 w
89 D 8.9 D 2.8 D
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Cylindrical bed 
Bed height
Copper-Nickel System 
24”
Bed weight 15170 gm.
Solids flow rate 3530 gm./min.
Mean solids velocity 0.00775 ft./si
Minimum fluidising rate 25 lit./min.
Aspect ratio 8 ; 1
Turnover time 4.30 mins.
1243529 (0,285) 1243530 (0.270) 1243532 (0.235)
Air rate 29 lit./min. 30 lit./min. 32 lit,/min.
F(t) vt/v F(t) vt/V F(t) vt/V
0.05 0.535 0.05 0.325 0.05 0,303
0.15 0.410 0.15 O .417 0.15 0.410
0.25 O .472 0.25 0.491 0.25 0.518
0.35 0.550 O .35 0.570 0.35 0.615
O .45 O.64O O .45 O .664 O .45 0.732
0.55 O .763 O .55 0.780 0.55 0.868
0.65 0.936 O .65 0.930 0.60 0.945
0.70 1.042 0.75 1.133 0.65 1o.035
0.75 1.172 0.80 1.285 0.70 1.150
0.80 1.372 0.85 1.515 0.75 1.355
HVT 0 .50- 0.696 0 .5 0 - 0.718 0.50 -0.797
Hold back 0.2884 0.2813 0.2560
0.0055 D 0.0055 D 0.004 D
Diffusivity 0.0092 B 0.0082 B O.OO56 B
0.0053 w 0.0050 W 0.0062 W
Air rate 1.16 . G0 1.20 G0 1.28 G0
Peclet No. 1.68 B 1.88 B 2.76 B
2.9 w 3.1 w 2.5 w
2.8 D 2.8 D 3.88 D
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Cylindrical Bed Copper-Nickel System
Bed height 24*1
Bed weight 15170 gm«
Solids flow rate 3530 gm./min.
Mean solids velocity 0.00775 ft./min.
Minimum fluidising rate 25 lit./min.
Aspect ratio 8 : 1
Turnover time 4.30 mins.
1243534 (0.180) 1243536 (0 .210) 1243541 (0 .160)
Air rate 34 lit./min. 36 lit./min. 41 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.268 0.05 0.283 0.05 0.250
0.15 0.402 0.15 0.397 0.15 O .367
0.25 0.518 0.25 0.507 0.25 O .468
0.35 0.632 0.35 0.615 0.35 0.573
0.45 0.753 0.45 0.732 0.45 0.799
0.55 0.900 0.55 0.868 0.55 O .845
0.60 0.978 O .65 1.028 0.60 0.935
0.65 1.073 0.70 1.130 O .65 1o035
0.70 1.190 0.75 1.243 0.70 1.151
0.75 1-355 0.80 1.405 0.75 1.290
HYT 0 .50- 0.820 0.50 - 0.797 0 .50- 0.768
Hold back 0.2528 0.2604 0.2807
0.0039 D 0.0041 D 0.005 D
Diffusivity 0.00535 B 0.006 B 0.0082 B
0.0077 w 0.00615 w 0.0096 W
Air rate 1.36 G0 1.44 Go 1.64 G0
Peclet No. 2.88 B 2.56 B 1.88 B
2.0 W 2.5 w 1.6 W
4.0 D 3*75 D 3«1 D
162
Cylindrical Bed Copper-Nickel System
Bed height 
Bed weight 
Solids flow rate
24 M
15170 gm.
69OO gm./min.
Mean solids velocity 0.015 ft./sec.
Minimum fluidising rate 25 lit./min.
Aspect ratio 8 : 1
Turnover time 2.20 mins.
1246920 (O.96O) 1246927 (0.705) 1246928 (O.545)
Air rate 20 lit./min. 27 lit./min. 28 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.955 0.05 0.780 0.05 0.590
0.15 Oo982 0.15 0.826 0.15 0.652
0.25 0.986 0.25 0.845 0.25 0.702
0.35 0.990 0.35 0.860 0.35 0.750
0.45 0.994 O .45 0.873 O .45 0.797
0.55 0.996 O .55 0.890 0.55 0.865
O .65 0.999 0.65 0.910. O .65 0.963
0.75 '1.004 0.75 0.957 0.75 1.107
0.85 1.021 0.85 1.053 0.85 1.317
0.95 1.077 0.95 1.277 0.90 1.480
HVT O .50 -0.995 0 .50- 0.880 0.50 - 0.827
Hold Back 0.0111 0.1066 0.1679
0.0000095 D 0.0012 D 0.0028 D
Diffusivity 0.0000125 B 0.00109 B 0.0030 B
0.00001 W 0.000167 w 0.00215 w
Air rate 0.80 G0 1.08 G0 1.12 G0
Peclet No. 24Q0 B 27.6 B 10.0 B
3000 W 180 W 14 w
3300 D 25 D 10.5 D
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Cylindrical Bed Copper-Nickel System
Bed height 24H
Bed weight 15170 gm.
Solids flow rate 69OO gm./min.
Mean solids velocity 0.015 ft./sec.
Minimum fluidising rate 25 lit./min.
Aspect ratio 8 s 1
Turnover time 2.20 mins.
1246928 (0.545) 1246950 (0.485) 1246934 (0.430)
Air rate 28 lit./min. 50 lit./min. 54 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.590 0.05 O .545 0.05 0.516
0.15 0.652 0.15 0.620 0.15 0.591
0.25 0.702 0.25 0.678 0.25 O 0646
0.55 0.750 0.55 0.732 0.55 0.698
0.45 0.797 O .45 0.786 Q&45 O.76O
0.55 0.865 O .55 0.858 O .55 0.842
0.65 0.965 0.65 0.970 0.65 0.977
0.75 1.107 0.75 1'. 154 0.70 1.070
0.85 1.517 0.80 1.246 0.75 1.182
0.90 1.480 0.85 1.400 0.80 1.520
HVT 0.50 - 0.827 0.50 - 0.818 0.50- 0.798
Hold Back 0.1679 0.1815 0.1981
0.0028 D 0.0054 D 0.0041 D
Diffusivity 0.0051 B 0.0058 B 0.00485 B
0.0022 W 0.00505 W 0.00595 w
Air rate 1.12 G0 10 20 G0 1.56 G0
Peclet No. 9.6 B 7.80 B 6.12 B
14W 9.8 W 7°5 w
10.5 D 8.7 D 7*5 D
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Cylindrical Bed
o| er-Nickel System
Bed height 
Bed weight 
Solids flow rate
32"
20500 gnu 
3525 gm./min.
Mean solid velocity 0.0077 ft./min.
Minimum fluidising rate 27 lit./min.
Aspect ratio 11 1 1
Turnover time 5.75 mins.
1323520 (0.915) 1323528 (0.755) 1523530 (0.680)
Air rate 20 lit./min. 28 lit./min. 30 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.955 0.05 0.782 0.05 0.712
0.15 0.967 0.15 0.802 0.15 0.750
0.25 0.976 0.25 0.824 0.25 0.781
0.35 0.983 0.35 0.847 0.35 0.812
O .45 0.988 O .45 0.871 0.45 0.848
0.55 0.995 0.55 0,902 0.55 0.895
0 .6.5 1.000 0.65 0.955 O .65 0.968
0.75 1.011 0.75 1.044 0.75 1.070
0.85 1.027 0.85 1.165 0.85 1.240
0.95 1.068 0.95 1.388 0.90 1.370
HVT 0.50 -0.992 0.50 - O .884 0.50 - 0.870
Hold hack 0.01475 0.1013 0.1231
0.0000112 D 0.00069 D 0.00105 D
Diffusivity 0.000017 B O.OOO66 B 0.00098 B
0.00001 W 0.000286 W 0.00085 w
Air rate 0.74 G0 1.04 G0 1 .11G0
Peclet No. 800 B 30.4 B 20.4 B
1400 W 70 W 23 0 5 w
1750 D 29.7 D 19»6 D
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Cylindrical Bed Copper-Nickel
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
52 ”
20500 gmo
5525 gmo/mino 
0.0077 fto/min
27 lito/mino 
11 : 1 
5.75 mins.
1525532 (0.525) 1523534 (0.355) 1323536 (0.385)
Air rate 52 lit./min. 34 lit./min. 36 lit./min.
P(t) vt/v p(t) vt/V P(t) vt/V
0.05 O .564 0,05 004O8 0.05 0.439
0.15 O .614 0.15 O .491 0.15 O .515
0.25 O .667 0.25 0.560 0.25 0.592
0.55 0.726 0.35 O.64O O .35 0.682
0.45 0.795 0.45 0.745 O .45 0.790
0.55 0.885 0.55 0.870 0.55 0.913
0.65 1.000 O .65 1.036 O .65 1.073
0.75 1.158 0.70 1.135 0.70 1.175
0.80 I.255 0.75 1.247 0.75 1.288
0.85 1.410 0.80 1.378 0.80 1.435
HVT 0.50 - 0.858 0.50 -0.800 0.50 - 0.850
Hold hack 0.1761 0.2285 0.2062
0.0022 D 0.004 D 0.00325 D
Diffusivity 0.0025 B 0.005 B 0,0038 B
0.0021 W 0.00475 w 0.00455 w
Air rate 1.185 G0 1.26 G0 1<>33 G0
Peclet No. 8.60 B 4.0 B 5o40 B
10.2 W 4.2 W 4.5 W
9.2 D 5.2 D 6.3 D
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Cylindrical Bed Co pper-Nickel System
Bed height 32”
Bed weight 20300 gm.
Solids flow rate 3525 gm./min.
Mean solid velocity 0.0077 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 11 : 1
Turnover time 5.75 mins.
1323538 (0.305) •1323541 (0.305) 1323547 (0.210)
Air rate 38 lit./min. 41 lit./min. 47 lit./min.
F(t) vt/V F(t) vt/V V(t) vt/V
0.05 0.383 0.05 O .368 0.05 0.313
0.15 0.507 0.15 0.471 0.15 0.435
0.25 0.615 0.25 0.570 0.25 0.532
0.35 0.718 0.35 0.677 0.35 O.64O
O .45 0.828 O .45 0.800 O .45 0.770
0.55 0.945 0.55 0.939 0.55 0.927
0.65 1.088 0.65 1.112 0.60 1.022
0.70 1.180 0.70 1.207 0.65 1.128
0.75 10 283 0.75 1.315 0.70 1.250
0.80 1.403 0.80 1.470 0.75 1-385
HVT 0.50 - 0.885 0.50- O .865 0.50 - O .843
Hold back 0.2006 0.2170 0.2386
0.0031 D 0.0038 D 0.0045 D
Diffusivity 0.0037 B 0.00435 B 0.00537 B
0.0046 W 0.0051 w 0.0077 w
Air rate 1.41 G0 1*52 G0 1-74 G0
Peclet No. 5.88 B 4.72 B 3° 44 B
4.7 w 3.6 W 2.4 w
6.6 D 5-45 D 4-55 D
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Cylindrical Bed Copper-Nickel System
Bed height 
Bed weight 
Solids flow rate
32s8
20300 gm.
6920 gm./min0
Mean solid velocity 0.015 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 11 ; 1
Turnover time 2.94 mins.
1326924 (0*900) 1326927 (0 .900) 1326930 (0.800)
Air rate 24 lit./min. 27 lito/min. 30 lit./min.
P(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.940 0.05 0.940 0.05 0.856
0.15 0.958 0.15 0.958 0.15 0.895
0.25 0,970 0.25 0.970 0.25 0.922
0.35 0.980 0.35 0,980 0.35 0.943
0.45 0.990 O .45 0.990 O .45 0.968
0.55 1.006 0.55 1.006 O .55 0.998
O .63 1.023 O .65 1.023 0.65 1.030
0.75 1.040 0.75 1.040 0.75 1°073
0.85 1.060 0.85 1.060 0.85 1.133
0,95 1.110 0,95 1.110 0.95 1.275
HVT 0.50 - 0.998 0.50 -0.998 0 .50 - 0.982
Hold hack 0.0120 0.0170 O.O431
0.000051 D 0.000048 D 0.00026 D
Diffusivity 0.00005 B 0,00005 B 0.00023 B
0.00005 w 0.00005 w 0.00029 w
Air rate 0.89 G0 1.00 G0 1.11 G0
Peclet No. 800 B 800 B 172 B
800 W 800 W 135 w
780 D 833 D 154 D
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Cylindrical bed Copper-Nickel System
Bed height 
Bed weight 
Solids flow rate
32 tt
20300 gm.
6920 gm./min.
Mean solid velocity 0.015 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 11s 1
Turnover time 2.94 mins.
1326931 (0.770) 1326932 (0.630) 1326933 (0.703)
Air rate 31 lit./min. 32 lit./min. 33 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.825 0.05 0.675 0.05 0.757
0.15 0.872 0.15 0.726 0.15 0.800
0.25 0.905 0.25 O .763 0.25 0.832
0.35 0.935 0.35 0.803 0.35 0.863
0.45 O .963 0.45 0.853 O .45 0.895
0.55 0.993 0.55 0.920 0.55 0.936
O .65 1.030 0.65 1.020 0.65 1.000
0.75 1o073 0.75 1*172 0.75 1.110
0.85 1.162 0.80 1.275 0.85 1.275
0.95 1*392 0.85 1.400 0.90 1.395
HVT O .50 - 0.978 0.50 - 0.883 0.50 - 0.913
Hold hack 0.0518 0.1263 O.093O
0.00038 D 0.0023 D 0.0013 D
Diffusivity 0.000345 B 0.00208 B 0.00109 B
0.00035 w 0.00230 W 0.00096 W
Air rate 1.15 o0 1o19 G0 1.22 G0
Peclet No. 116 B 19.2 B 36.8 B
115 w 17.5 w 42 W
105 D 17.3 D 30.8 D
169
Bed height 
Bed weight 
Solids flow rate
20300 gm c
6920 gm./min.
Mean solid velocity 0.015 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 
Turnover time
1 1 s 1
2.94 mins.
1326933 (0.705) 1326934 (0.670) 1326935 (0.510)
Air rate 33 lit./min. 34 lit./min. 35 lit./min.
(F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.757 0.05 0,728 0.05 0.570
0.15 0.800 0.15 0.777 0.15 0.657
0.25 0.832 0.25 0.807 0.25 0.732
0.35 0.863 0.35 0.834 0,35 0.802
O .45 0.895 O .45 0.867 0.45 0.870
0.55 0.935 0.55 0.917 0.55 0.952
0.65 1.000 O .65 0.990 O .65 1.078
0.75 1.110 0.75 1*095 0.75 1*250
0.85 1*275 0.85 1*265 0.80 1.360
0.90 1.395 0.90 1.408 0.85 1*490
HVT 0.50 - O .913 0.50 - 0.890 0.50 - 0.908
Hold hack 0.9030 0.1090 0.1416
0.0013 D 0.0016 D 0,003 D
Diffusivity 0.00110 B 0.00155B 0.00275 B
0.00096 W 0.00123 w 0.0038 W
Air rate 1.22 G0 1.26 G0 1.30 Gr0
Peclet Ho, 36.8 B 27 B 14*6 B
42 W 34 W 10.5 W
30.8 D 25 D 13*3 D
170
Cylindrical Bed Copper-Nickel System
Bed height 32”
Bed weight 20300 gm.
Solids flow rate 6920 gm./min.
Mean solid velocity 0.015 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 1 1 : 1
Turnover time 2.94 mins.
1326936 (0.450) 1326938 (0 .450) 1326943 (0.385)
Air rate 36 lit./min. 38 lit./min. 43 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 ' 0.523 0.05 0.523 0.05 O .464
0.15 0.618 0.15 0.618 0.15 0.578
0.25 0.704 0.25 0.704 0.25 0.682
O .35 0.790 0.35 0.790 0.35 0.777
O .45 0.870 O .45 0.870 O .45 0.872
0.55 0.976 0.55 0.976 0.55 0.975
0.65 1.123 O .65 1.123 O .65 1.123
0.70 1.205 0.70 1.205 0.70 1.210
0.75 1.295 0.75 1.295 0.75 1o310
0.80 1.405 0.80 1.405 0.80 1.440
HVT 0.50 - 0.920 0.50 - 0.920 0.50 - 0.920
Hold back 0.1530 0.1525 0.1661
0.0035 D 0.0035 D 0.0042 D
Diffusivity 0.0033 B 0.0033 B 0.0041 B
0.0052 W 0.0050 W 0.00645 W
Air rate 1-53 G0 1.41 G0 1-59 G0
Peclet No. 12.00 B 12.2 B 10.2 B
7.6 W 7 o6 W 6.5 1
11.4 D 11.4 D 9°5 D
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Cylindrical Bed Copper-]
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
48"
3 0 5 4 0  gm  o
35^0 girio/min.
O 0OO78 fto/sec 
25 lit./min.
16 : 1 
8058 minso
1483514 (0.955) 1483524 (0.805) 1483525 (0.705)
Air rate 14 lit./min. 24 lito/min. 25 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.975 0.05 0.856 0.05 0.750
0.15 0.983 0.15 0.880 0.15 0.780
0.25 0.990 \ 0.25 0.895 0.25 0.811
0.35 0.995 0.35 0.913 0.35 0.838
0.45 0.999 0.45 0.933 0.45 0.872
0.55 1.005 0.55 0.953 0.55 0.921
O .65 1.013 0.65 0.985 0.65 1.000
O .75 1.019 0.75 1o040 0.75 1.105
0.85 .1.030 0,85 1o148 0.85 1.270
0.95 1.050 0.95 '1.405 0.90 1.377
HVT 0.50 -1.002 0.50 -0.943 0.50 = 0.893
Hold back 0.0067 0.0592 0.1039
0,000005 D 0.00036 D 0.0012 D
Diffusivity 0.000052 B 0.00034 B 0.00093 B
0,000042 W 0.00021 W 0.00084 W
Air rate 0.8 G0 .0.96 G0 1.00 G0
Peclet No. 1600 B 90 B 33.2 B
2000 W 150 W 37 W
2000 D 86 D 25.5 D
181
Copper-Nickel System
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
48 M
30540 gmo
3560 gmo/mino 
O0OO78 fto/sec 
25 lit./min. 
1 6 : 1  
8o58 minso
1483526 (O0640) 1483528 (0.545) 1483530 (0.450)
Air rate 26 lit./min. 28 lit./min. 30 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0*05 O 068O 0.05 0.590 0.05 0.512
0.15 0.723 0.15 O .656 0.15 0.593
0.25 0.758 0.25 0.710 0.25 0.665
0.35 0.800 0.35 0.768 0.35 0.742
0.45 0.850 0.45 0.835 O .45 0.850
0.55 0.915 0.55 0.906 0.55 0.913
0.65 1.013 0.65 1.000 O .65 1.022
0.75 1.115 0.75 10111 0.75 1d67
0.80 1.235 0.80 1.183 0.80 1.258
0.85 1.360 0.85 1.292 0.85 1.400
HVT 0 .50- 0.880 0 .50- 0.861 0.50 - 0.861
Hold back 0.1278 0.1548 0.1732
0.00192 D 0.0024 D 0.0033 D
Diffusivity 0.00167 B 0.00265 B 0.0035 B
0.00157 W 0.00208 W 0.0055 w
Air rate 1 .04 0(5 1.12 G0 1.20 G0
Peclet No. 18.8 B 11.8 B 9.0 B
20 W 15 w 9.0 W
16 3) 12.8 D 9.5 D
182
Cylindrical Bed Copper-Nickel System
Bed height 48 •'
Bed weight 30540 gin.
Solids flow rate 3560 gm./min.
Mean solids velocity 0.0078 ft./sec.
Minimum fluidising rate 25 lit./min.
Aspect ratio 16 s 1
Turnover time 8.58 mins.
1483530 (0.450) 1483532 (0.405) 1483534 (0.395)
Air rate 30 lit./min. 32 lit./min. 34 lit./min.
P(t) vt/V F(t) vt/Y F(t) vt/Y
0 o05 0»512 0.05 0.480 0.05 0.465
0.15 0.593 0.15 0.585 0.15 0.566
0,25 O .665 0.25 0.683 0.25 O 065O
0.35 0.742 0.35 0.775 0.35 0.732
0.45 0.850 0.45 O .865 0.45 0.825
0.55 0.913 0.55 0.973 0.55 0.930
0.65 1.022 O .65 1.095 O .65 1.065
0.75 1.167 0.75 1.267 0.75 1.237
0.80 .1.258 0 o80 1.370 0.80 1.342
0.85 1.400 0.85 1.510 0.85 1.485
HYT 0.50 = 0.867 0.50 - 0.917 0 .50 = 0.875
Hold back 0.1732 0.1647 0.1834
0.0033 3) 0.0031 D 0.00380 D
Diffusivity 0.0035 B 0o00314 B 0.0041B
0.0035 w 0.0044 W 0.00445 w
Air rate 1.20 G0 1.28 G0 1.56 G0
Peclet No. 9.0 B 10.0 B 7.6 B
9.0 W 7.1 W 7.0 W
9c5 D 10 D 8.2 D
183
Cylindrical Bed CoPP er-Mekel Sysi
Bed height 48 M
Bed weight 30540 gm*
Solids flow rate 3560 gmo/minc
Mean solids velocity 0*0078 ft./sc
Minimum fluidising rate 25 lit./min*
Aspect ratio 16 s 1
Turnover time 8*58 mins*
1483534 (0*395) 1483556 (0*360) 1483540 (0*300]
Air rate 34 lit./min® 36 lit*/min* 40 lit./min*
F(t) vt/Y F(t) vt/Y F(t) vt/V
0*05 0*463 0*05 0*438 0*05 0*375
0 o15 0*566 0*15 0*533 0*15 0*482
0*25 O 065O 0*25 0*618 0*25 0*568
0.35 0*732 0*35 0*715 0*35 0*667
0*45 0*825 0*45 0*820 0*45 0*784
0*55 0*930 0*55 0*950 0*55 0*909
O 065 1*065 0*65 1*117 0*65 1*053
0*75 1*237 0*70 1*220 0*70 1*140
0*80 .1*342 0*75 1°335 0*75 1*250
0*85 0*485 0*80 1*500 0*80 1*394
HYT 0*50 - 0*875 0 *50- 0*880 0*50 - 0*845
Hold back 0*1834 0*1928 0*2216
0*0038 D 0*00445 D 0*0058 D
Diffusivity 0*0041 B 0*00475 B 0*0071 B
0*00445 w 0*0071 w 0*0075 W
Air rate 1*36 Gr0 10 44 1*60 G0
Peclet No. 7*6 B 6*6 B 4*40 B
7*0 w 4*4 W 4*2 W
8*2 D 7*0 D 5°4 D
184
Cylindrical
o
Bed Copper-Fiekel Sys1
Bed height 48 ”
Bed weight 30540 gm.
Solids flow rate 6830 gm./min<
Mean solids velocity 0.015 ft./sec
Minimum fluidising rate 25 lit./min.
Aspect ratio 16 1 1
Turnover time 4.47 mins.
1486828 (0 .700) 1486830 (0 .620) 1486852 (0 .580;
Air rate 28 lit./min. 30 lit./min. 52 lit./min.
F(t) vt/Y F(t) vt/V F(t) vt/Y
0.05 0.743 0.05 0.660 0.05 0.628
0 o15 0.786 0.15 0.708 0.15 0.702
.0.25 Oo825 0.25 0.754 0.25 0.772
O .35 O 0860 0.35 0.806 0.55 0.842
O .45 0.897 0.45 0.866 0.45 0.917
0.55 O o943 O .55 0.958 0.55 1.000
0.65 I0O15 O .65 1.035 0.65 1.105
0.75 1.111 O .75 1.165 0.75 10 245
0.85 .1 o254 0.85 1.344 0.80 1.325
0.90 1.377 0.90 1.500 0.85 1.418
KVT 0 .50 - 0.918 0.50 - 0.900 0.50 = 0.956
Hold back 0.951 0.1266 0.1151
0.0019 D 0.0035 D 0.0053 D
Diffusivity 0.00172 B 0.0051 B 0.0026 B
0.0018 W 0.0035 w 0.0043 w
Air rate 1.12 G0 1.2 G0 1.28 G0
Peclet No. 34o8 B 19o4 B 23.2 B
33 W 17 w 14 w
31 D 17 D 18 D
185
Cylindrical Bed
Bed height 
Bed weight 
Solids flow rate 
Mean solids velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
1486824 ( 0 o 9 1 0 )
Air rate 14 and 24 lito/mino 
P(t) vt/Y
O0O5 Oo958 
0 o15 Oo971
0 o25 Oo9?6
O 0 35 Oo 985 
Oo45 Oo990 
Oo55 1*000 
0-65 I0OO8
Oo75 1o028
O085 .10O64 
Oo95 1o118
0 . 5 0  - Oo995 
0o0154
0o0000375 B 
0c00005 W
Oo98 Qq
1600 B 
1200 W
Copper-lickel System
48 H
30540 gffio 
6830 gmo/mino
0 001 5  f t o / s e c o  
25 l i t o / m i n o
16 s 1 
4 ° 4 7  m i n s o
[.86825 (Oo850) 1486826 (0o79(
25 liti o/min0 26 lito/min
# ( t ) vt/Y P(t) vt/Y
0o05 0o875 0o05 0o820
0 o15 Oo897 0 o15 Oo839
0 0 25 Oo914 Oo25 O 0856
0.35 Oo950 Oo55 O 088I
O o 4 5 Oo948 Oo45 0 o91 5
o»55 Oo 968 Oo55 Oo958
O 065 1 oOOO O 065 1 0O25
Oo75 1 o050 Oo75 1  o 1 1 5
O 085 1 - 1 5 5 O 085 1o245
Oo95 1 0 575 0 o90 1o352
Oo 50 - O o 9 5 6 0 o50 -- Oo954
0 c■ 0474 0 0O752
Oc,0006 D 0 0OO12 :
Oc,000455 B 0 0OO104
Oc,000345 w 0 0OO125
1c,00 G0 1 0
CJ3O
158 B 58 B
175 W 48 W
100 D 50 D
HYT
Hold back
Diffusivity
Air rate 
Peclet loo
186
Cylindrical Bed Copper-Mekel System
Bed height 48"
Bed weight 50540
Solids flow rate 6830 gmo/min0
Mean solids velocity 0 o015 fto/seco
Minimum fluidising rate 25 lito/mino
Aspect ratio 16 s 1
Turnover time 4o47 minso
1486834 (0o550) 1486856 (0 o490) 1486840 (0 o420)
Air rate 34 lito/mino 36 lito/mino 40 lito/min
P(t) vt/Y F(t) vt/Y F(t) vt/V
0o05 0o605 0o05 Oo553 0 o05 0 o500
0 o15 0 0 712 0.15 O 065O 0o15 Oo 598
0 0 25 O 08OO 0 0 25 Oo 728 Oo25 Oc685
Oo 35 O 0878 Oo35 O 08O6 Oo35 Oo775
O 045 Oo952 0*45 0o882 O 045 O 0877
Oo 55 1o038 Oo55 Oo973 Oo55 Oo 985
O 065 I0I42 ' O 065 1o089 O 065 U 107
Oo75 1o277 Oo75 1o234 Oo75 10 258
O 08O 1o370 O 08O 1o525 O 08O 10 352
O 085 1o485 O 085 1o455 O 085 I0470
HYT 0050 - Oo992 0o50 ~ Oo923 0o50 = Oo930
Hold hack 0 o1061 O 0I413 O o1593
0o00325 D O 0OO44 B O 0OO58 D
Diffusivity 0 o0022 B O 0OO41 B O 0OO545 B
O 0OO45 w O 0OO52 w O 0OO8O w
Air rate 10 36 G0 1°44 Go 106O G0
Peclet Noo 27*6 B 14o6 B 11o0 B
13*5 W H o 5  w 7o5 w
18o5 D 14o0 D 10o2 B
18?
Cylindrical Bed pper-Mckel System
Bed height 
Bed weight 
Solids flow rate
66 n
42250 gm.
35^0 gm./min.
Mean solid velocity 0.0077 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 22 s 1
Turnover time 11.9 mins0
1663524 (Oo955) 1663526 (0 .890) 1663528 (0.775)'
Air rate 20 and 24 lito/mino 26 lito/min. 28 lit./min.
P(t) vt/V F(t) vt/Y F(t) vt/Y
0.05 Oo992 0.05 0.927 0.05 0.805
0 o15 loOOO 0.15 0.945 0.15 0.826
O .25 1 o 0 0 3 0.25 0.957 0.25 O .846
O .35 I0OO6 0.35 0.977 0.35 0.868
O 045 1o011 0.45 0.999 O .45 0.895
O .55 1 o 0 1 7 0.55 1o028 0.55 0.933
0.65 1.023 O .65 1o078 0.65 0.985
Oo75 U 032 0.75 1o150 0.75 1o050
0.85 I0O45 0.85 1o234 0.85 1.178
Oo95 I0O66 0.95 1°355 0.95 1.438
HITT 0.50 - 10O.14 0.50 - 1.013 0.50 »0.915
Hold back O 0OOI8 0.0204 O.O845
Oo000045 D 0.00015 D 0.001 D
Diffusivity 0.000013 B O.OOOO52 B 0.000975 B
0.000014 w 0.000083 W 0.00054 W
Air rate 0 0 8 9 Gro 0 0 96 Gtq 1.04 G0
Peclet No, 3200 B 800 B 43.2 B
3000 W 500 W 78 W
1000 D 300 D 40 D
188
Cylindrical Bed Copp er-Nickel System
Bed height 66"
Bed weight 42230 gm.
Solids flow rate 3560 gm./min.
Mean solid velocity 0.0077 ft./sec.
Minimum fluidising rate 27 lit./min.
Aspect ratio 22 i 1
Turnover time 11.9 mins.
1663530 (0 .700) 1663532 (0 .585) 1663534 (O.450)
Air rate 30 lit./min. 32 lit./min. 34 lit./min.
F (t) vt/V F(t) vt/V F(t) vt/V
O 0O5 0.745 0.05 0.647 0.05 0.532
0.15 0.775 0.15 0.712 0.15 0.623
0.25 0.805 0.25 0.766 0.25 0.730
0-. 35 0.835 O .35 0.814 0.35 0.780
0.45 0.873 O .45 0.872 0.45 0.852
0.55 0.924 0.55 0.938 0.55 0.932
0.65 0.996 O .65 1.020 0.65 1.020
0.75 1.089 0.75 1.120 O .75 1.125
0.85 1.220 0.85 1c246 0.85 1.273
0.90 1.328 0.90 1.345 0.90 1.595
HYT 0.50 -0.895 0.50 - 0.902 0.50 - 0.890
Hold back 0.1058 0.1260 0.1590
0.0015 D 0.0021 D 0.0035 D
Diffusivity 0.0015 B 0.0022 B 0.00385 B
0.0011 W . 0.00175 w 0.00500 W
Air rate 1.11 G0 1.85 0O 1.26 G0
Peclet No. 28.0 B 19°2 B 11.0 B
38 W 24 W 14 w
28 D 20 D 12 D
189
Cylindrical Bed o|
oj er-Fickel System
Bed height 66 "
Bed weight 42250 gfflo
Solids flow rate 3860 gmo/mino
Mean solid velocity 0o0077 fto/seco
Minimum fluidising rate 27 lito/mino
Aspect ratio 2.2 i 1
Turnover time 110 9 mins 0
1 6 6 3 5 3 6  ( 0 ' o 4 9 0 ) 1663558 (0o410) 1665540 (Oo325)
Air rate 3 6  lito/mino 38 lito/mino 40 lito/mino
F(t) vt/Y F(t) vt/Y F(t) vt/Y
0 o05 O 0564 0o05 0*477 O 0O5 O 044O
0 o15 Oo677 0o15 0*375 0o15 0*570
0 0 25 Oo770 0*25 O 0657 Oo 25 0*779
0 0.3.5 O0854 0*35 0*723 Oo55 0*770
0,45 0o942 0*45 0*793 0*45 O 0877
Oo55 1 o 0 3 7 Oo55 O 088O 0*55 0*983
O 065 10137 O 065 0 o981 O 065 1o098
Oo75 10 240 Oo75 1 o 1 2 3 0*75 1o218
O.8.5 1o355 0.85 1o305 O 085 1 0 375
0 o90 I0430 0 o90 1*440 0 o90 1o5Q0
HYT 0 o50» 0 o988 0o50 - Oo835 0*50 - 00928
Hold back O o 1 1 9 9 0 o 1 9 1 8 0 o1708
O 0OO24 D O 0OO52 D O 0OO42 D
Diffusivity 0o0020 B O 0OO625 B O 0OO46 B
0 o0028 w O0OO415 W O 0 O O 5 1 5  w
Air rate 1.55 Go 1«41 G0 1o48 Go
Peclet No® 21 o 2 B 606 B 9o2 B
15 w 10 W 8 0 2 W
17.5 D 8 o1 D 10o1 D
190
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
Copper-Niekel System 
66 "
42230 gm o 
6920 gm o/min . 
0.013 fto/sec. 
27 lit./min.
22 s 1 
6.10 minso
1666920 (0.970) 1666924 (0,970) 1666925 (0 .955)
Air rate 20 lito/mino 24 lit./mine 25 lito/min.
F(t) vt/V F(t) vt/V F(t) vt/V
0 o05 0.995 0.05 0.995 0.05 0.985
0 o15 0.005 0.15 1.005 0o.15 0.997
0 0 25 1.012 0.25 1.012 0.25 1 .008
0.35 1.020 0.35 1.020 0.35 1.0-18
Oo45 1.025 0.45 1 .025 0.45 1.030
0.53 1.030 0.55 1.030 0.55 1.042
O 065 1.040 O .65 1 .040 0.65 1.060
O 075 1.048 0.75 1.048 Oo75 1.090
0.85 1.068 0.85 1.068 0.85 1.137'
0.95 1.130 0.95 1.130 0.95 1o235
HVT 1.028 1c028 1 c■ 035
Hold hack Oc,001 Oc,001 0 0
C\J
00
B B Oc,00002 B
Diffusivity Oc 00015 D Oc,00015 D Oc,0005 D
Oc,00001 W Oc 00001 W Oo,00019 W
Air rate Oc■74 G0 Oo 89 G0 Oc■925 G0
Peclet No. B » B 4000 B
2000 W 2000 W 420 W
550 D 550 D 150 D
191
Cylindrical Bed 
Bed height
Copper-Mckel System 
6 6 ”
Bed weight
0KNCMCM gm.
Solids flow rat e 6920 gmo/min.
Mean solid vel ocity 0 = 015 ft =/sec =
Minimum fluidi sing rate 27 lit o/min 0
Aspect ratio 22 s 1
Turnover time ' 6 010 mins =
1666926 (0 o900) 1666928 (0,850) 1666930 (0=750)
Air rate 26 lito/mino 28 lit10/min. 30 lit; o/min =
F(t) vt/V F(t) vt/V F(t) vt/V
0 o05 0 = 935 0,05 0,873 0 = 05 0 = 785
0o15 O o972 0,15 0 = 894 0 = 15 0 = 828
0.25 Oo986 0,25 0 = 914 0 = 25 0 = 864
0 = 35 Oo997 0,35 0 = 934 0 = 35 0 = 900
0 = 45 1,012 0,45 0 = 958 0 = 45 0 = 938
0 = 55 1,027 0,55 0 = 986 0 = 55 0 = 983
0 = 65 1o053 Oo 65 1=030 0 = 65 1=032
0 = 75 1o090 0 = 75 1 =095 0 = 65 1=112
0 = 85 1.155 0,85 1 =204 0 = 85 1 =220
0 = 95 1 o280 0 = 95 1 =405 0 = 95 1 °475
HVT 0 = 50 - 1,020 0 = 50 - 0 = 972 0 = 50 - 0 = 960
Hold hack 0,*01.17 Oc,0442 0c,0705
0,.0005 D 0<,00064 D Oc,00145 D
Diffusivity 0,.000052 B Oc,00052 B Oc,00135 B
0 ,.00028 W 0..00083 W Oc,00168 W
Air rate 0..96 Go 1 <>04 G0 1c.11 G0
Peclet Uoo 1600 B 160 B 62 B
300 W 100 W 50 W
165 D 125 D 55 D
192
Bed height
Bed pper-Mckel Syst 
66 n
Bed weight 42230 gm0
Solids flow rate 6920 gmo/mino
Mean solid velocity 0 o015 fto/sec
Minimum fluidising rate 27 lito/mino
Aspect ratio 22 s 1
Turnover time 6010 minso
1666932 (O066O) 1666934 (Oo530) 1666936 (0 o500)
Air rate 32 lito/mino 34 lito/mino 36 lito/mino
F(t) vt/Y F(t) vt/Y F(t) vt/Y
O0O5 0 o710 O 0O5 Oo635 0 o05 Oo590
0.15 O 0764 0o15 0o724 O d O  O 0648
Oo25 O 08I.3 Oo 25 0 o786 0o15 Oo693
Oo35 O 0863 Oo35 Oo835 0025 O 0764
Oo45 Oo912 O 045 O 088O Oo35 O 0823
Oo55 O 0964 Oo55 Oo935 O 045 O 0888
O 065 1o025 O 065 1o007 Oo55 O o962
Oo75 1o112 Oo75 10115 O 065 1o060
O 085 1o243 Oo 85 10 288 Oo75 10 200
0 o90 10365 0 o90 1046O O 085 10445
HYT 0 o50 - 0o907 0 o50- 0o940 0 o50» Oo921
Hold hack 0 o 1 2 2 8 0o0979 0o1287
0o0041 D 0o0027 D O 0OO48 D
Diffusivity 0 o0041 B 0o0025 B O 0OO45 B
O 0OO33 w O0O0315 w O 0OO56 w
Air rate 1o26 G0 K 19 G0 1o33 Go
Peclet No. 20o4 B 33 B 18o6 B
24 W 26 W 15 w
20o4 D 30 D 17 D
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Cylindrical Bed Gopper-Niekel Syste
Bed height 
Bed weight
66”
42230 gnio
Solids flow rate 6920 gm o/min 0
Mean solid velocity 0 o015 fto/seco
Minimum fluidising rate 27 lito/mino
Aspect ratio 22 s 1
Turnover time . 6010 minso
1666936 (0o500) 1666938 (O0440) 1666940 (Oo345)
Air rate 36 lit0/mino 38 lit o/min 0 40 lito/mino
p(t) vt/y p(t) vt/y p(t) vt/y
O 0O5 Oo 590 Q:o05 Oo572 O 0O5 O 0448
0o10 O 0648 0 o10 0 o640 0 o10 0 0 520
0 o15 Oo693 0 o15 0 o688 0 d 5 0 0 382
Oo25 O 0764 0025 O 0764 Oo 25 O 0685
Oo35 O 0823 Oo35 0 o838 Oo35 O o773
O 045 O 0888 O 045 Oo916 Oo45 O 0862
Oo55 Oo962 O 055 1o008 Oo55 0 o958
O 065 1o060 O 065 1o113 O 065 U O 72
Oo75 10 200 Oo75 1o235 0 0 23 10 200
O 085 1o445 O 085 1o394 0 085 1o405
HVT 0o50 - Oo932 0 0 VJl 0 1 0 0 VO v_
n
CD 0 o50 - 0 o910
Holdback > 0 01287 0 0.1 246 O 0I368
O 0OO48 D O 0OO46 D O 0OO6I D
Diffusivity O 0OO45 B O 0OO42 B 0o0057 B
O 0OO56 W O 0OO6O W 0.0085 W
Air rate 10 33 Go 1o41 G0 1 0 48 Gro
Peclet NOo 18o6 B 19°8 B 14o6 B
15 w 14 w 10 w
17 D 18o0 D 15<>5 B
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Harwell Taper Copper-Nickel System
Bed Height 24"
Bed weight 
Solids flow rate
17600 gm.
69OO gm./min.
Mean solid velocity 0.013 ft./sec,
Minimum fluidising rate 26 lit./min.
Aspect ratio 8 s 1
Turnover time 2.55 mins.
2246920 (0.895) 2246926 (0.830) 2246927 (0.635)
Air rate 20 lit./min. 26 lito/mino 27 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/7
0o05 0.938 0.05 0.892 0.05 0.727
0 o15 O .966 0.15 0.930 0.15 0.813
0,25 O o977 0.25 0.956 0.25 0.852
0.35 0o984 0.35 0.972 0.35 0.884
0.45 0.991 0.45 0.995 O .45 0.910
0.55 0.998 0.55 1.013 0.55 0.934
0.65 1.012 O .65 1.038 0.65 0.970
0,75 1.030 0.75 I0O69 0.75 U O 36
0.85 I0O59 0.85 1.113 0.85 1d 64
0.95 1.122 0.95 1.212 0.95 1o400
HVT 0.50 -0.994 0.50 - 1 .002 0.50 - 0.922
Hold back 0.0156 0.0269 0.1765
0.00002 3) 0.000088 D 0.00061 I)
Diffusivity 0.000024 B 0.000054 B 0.003 B
0.0000266 W O.OOOO865 W 0.00032 W
Air rate 0.77 Go 1.00 G0 10 04 Go
Peclet Ho. 1000 B 480 B 8.6 B
900 W 300 W 80 W
1 300 D 300 3) 43 3)
203
Harwell Taper
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
Copper°Nickel System
24"
17600 gfflo
69OO gm o/min .
0 o01 5  f t o / s e c o  
26 l i t o / m i n o  
8 f 1
2o55 min s o
2246928 (O.450) 2246930 (0o370) 2246932 (0 o330)
Air rate 28 lito/mino 30 lito/min. 32 lit./min.
P(t) vt/v F(t) vt/V F(t) vt/V
O 0O5 O.54I 0o05 0.454 O 0O5 0 o413
0o13 0.625 0 d 5 0 o 530 0 o15 0.483
0.25 O 0676 0 o 25 0.574 0.25 0.536
0 o 35 0.713 0.35 O 0621 0.35 0.592
O 045 0o760 0.45 0.687 0.45 0.673
Oo55 O 0830 O .55 0.796 0.55 0.788
O 065 Oo957 O 065 0.957 0.65 0.957
0o70 I0O6O 0.70 I0O65 0.70 1.075
O 075 I d 68 0.75 1.193 0.75 1o214
0.80 1o305 0.80 1.368 0.80 1.432
HVT 0 o50 - 0.769 0.50 - 0.735 0.50 - 0.722
Hold back O 0I904 0o 2385 0.2561
O 0OO32 D O 0OO52 D 0.0062 D
Diffusivity O 0OO38 B 0o0073 B 0o0095 B
0.00185 W O0OO47 w 0.0066 W
Air rate 1.08 G0 1.155 G0 1.23 G0
Peclet Ho. 608 B 3.32 B 2.72 B
14 w 5.5 w 5°9 W
8.0 D 4.9 D 4o2 D
204
Harwell Taper Copper-Nickel System
Bed height 24!f
Bed weight 17600 gm«
Solids flow rate 69OO gmo/min0
Mean solid velocity 0,013 ft,/sec.
Minimum fluidising rate 26 lit,/min.
Aspect ratio 8 s 1
Turnover time 2,55 mins.
2246932 (0,335) 2246936 (0o270) 2246944 (0 ,220)
Air rate 32 lito/mino 36 lit o/min 0 44 lit,/min.
F(t) vt/v F(t) vt/V F(t) vt/V
0o03 O 0413 0,05 0 o 345 0,05 0,298
0,15 0o483 0 o15 0,412 0,15 0,390
0 0 25 0,536 0,25 0,473 0,25 0,489
Oo33 0,592 0,35 0,552 0,35 0,607
0,45 0,673 0,45 0,660 0,45 0,741
0,55 0,788 0,55 0,809 0,55 0,892
0,65 0,957 0,60 0,90 O065 1,070
0,70 1,075 0,65 1,002 0,70 1,172
0,75 1 o214 0,70 1,116 0,75 1,278
0,80 1,432 0,75 1,272 0,80 1,413
EVT 0o50 - 0o722 0,50 - 0,727 0,50 - 0,813
Hold back 0,2361 0,2769 0,2503
0,0062 D 0,0079 D 0,007 D
Diffusivity 0,0095 B 0,013 B 0,0086 B
0,0066 W 0,0108 W 0,0092 W
Air rate 1 0 23 Gr0 1o385 G0 1,69 G0
Peclet NOo 2,72 B 2,00 B 3o00 B
3o9 w 2,4 w 2,8 W
4o2 D 3 0 28 D 5°7 D
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Harwell Taper
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
Copper^Mckel System 
48n
39870 gmo 
6920 gmo/mino 
0 o0115 ft./see. 
28 lito/mino 
16 § 1 
5o75 minso
2486926 (0o925) 2486928 (0o770) 2486929 (0.695)
Air rate 26 lito/mino 28 lito/mino 29 lito/min.
F(t) vt/Y F(t) vt/Y F(t) vt/Y
0 o05 Oo962 0o05 0.875 0.05 0.784
0 .1 5 0 0 980 0 o15 0.950 0 d 5 0 .878
Oo25 Oo988 0 0 25 0 .968 0 o 25 0.937
Oo 35 0.991 0.35 0 o 981 0 o 35 0.971
0.45 0.995 0.45 0.995 O .45 0.991
0.55 1 o003 Oo55 1 o003 0.55 1.016
O 065 1 o011 O 065 1.017 O 065 1.048
0.75 1 o026 0.75 1 0O4O 0.75 1.082
O 085 I0O48 O085 1o093 0o85 1.143
0.95 1 o140 0.95 1 .215 0.95 1.278
HYT 0 o50 - 1 o000 0 o 50 -0.998 0 .5 0 - 1.003
Hold back 0.,0092 0,,0258 0c,0458
0<,000032 D 0.000093 D 0c,00031 D
Diffusivity 0 <,00012 B 0,,000096 B 0c,00030 B
O 0OOOO265 w 0,,000085 W Oc,000294 1
Air rate 0c-95 Go 1 ,00 G0 1c035 G0
Peclet Ho. 4000 B 480 B 152 B
1800 W 540 W 155 W
1450 D 490 D 150 D
206
Harwell Taper Copper-Fiekel Sysi
Bed height 48t9
Bed weight 39870 gm0
Solids flow rate 6920 gmo/min
Mean solid velocity 0 o0115 fto/s<
Minimum fluidising rate 28 lito/mino
Aspect ratio 16 8 1
Turnover time 5o75 minso
2486930 (0*575) 2486932 (0o505) 2486934 (O0330;
Air rate 30 lit./min0 32 lito/mino 34 lito/mino
F(t) vt/V F(t) vt/v F(t) vt/V
0o05 O 0626 0 o05 0 o 568 0 o05 0 o370
0 o15 6 0 702 0 o15 O 065O 0o15 O 0433
0 0 25 Oo763 Oo25 0 0 722 0 0 25 0 o508
Oo35 O 0824 Oo35 Oo783 Oo35 Oo598
O 045 O 0884 O 045 0 0 858 Oo45 O 0698
0.55 0.953 Oo55 Oo937 O 055 0o812
O .65 1o034 O 065 I0O27 O 065 Oo947
Oc75 1-133 Oo75 I d 56 O075 I0I38
O085 1-305 O 08O 10 218 O 08O 10 268
0 c90 10436 O085 1o350 O 085 I0445
HYT 0o50- 0,918 O.5 0 - O 0897 0 o50= 0.752
Hold hack Oo1251 O 0I488 O 02624
0o0023 D O 0OO35 D 0o0117 D
Diffusivity 0o0023 B O 0OO355 B 0o0185 B
O 0OO236 W O 0OO355 w 0o0118 W
Air rate 1o07 G0 1o14 Go 1o2i5 G0
Peclet Noe 20 B 13 B 2o48 B
19-5 W 13 w 3°9 w
20 D 3o9 D
20?
Harwell Taper Copper-Niekel Sys
Bed height 48 n
Bed weight 39870 gm.
Solids flow rate 692O gm./mir
Mean solid velocity 0.0115 ft./s
Aspect ratio 16 s 1
Turnover time 5.75 Kins.
Minimum fluidising rate 28 lit./min<
2486934 (0.350) 2486936 (0.255) 2486936 (0.28'
Air rate 34 lit./min. 36 lit./min. 38 lit./min<
F(t) vt/V F(t) vt/Y F(t) vt/Y
0.05 O.37O 0.05 0.301 0.05 0.331
0.15 0.433 0.15 0.355 0.15 0.397
0.25 0.508 Os25 0.427 0.25 O.45O
0.35 0.596 0.35 0.525 0.35 0.514
0.45 0 .698: 0.45 0.635 O .45 0.605
0.55 0.812 O .55 0.769 0.55 0.725
O .65 0.947 O .65 O.94O 0.60 0.808
0.75 1-138 0.70 1.073 O 065 0.920
0.80 1.268 0.75 1.252 Q .70 1.072
0.85 1.445 0.80 1.310 0.75 1o275
HVT ' 0^50 So6762 ■ : 0o50 = 0o697 0.50 = 0.659
Hold back ’ 0.2625 0.3036 0.3049
0.0117 D 0.017 D 0.017 D
Diffusivity 0.0185 B s 0.037 B 0.038 B
0.0118 W 0.026 W 0.027 w
Air rate 1.215 0© 1.285 G0 1.36 G0
Peclet No. 2.48 B 1.24 B 1.20 B
3.9 w 1.75 w 1.70 W
3o9 D 2.7 D 2.7 D
208
Harwell Taper Copper-Hickel System
Bed height 48”
Bed weight 39870 gm.
Solids flow rate 6920 gm./min,
Mean solid - velocity 0.0115 ft0/s(
Minimum fluidising rate 28 lit./min.
Aspect ratio 16 : 1
Turnover time 5.75 mins.
2486958 (0.285) 2486942 (0.270) 2486946 (0.215'
Air rate 38 litc/mino 42 lito/min. 46 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0 o05 0 o 331 0.05 0.317 0.05 0.298
0.15 0.397 0.15 0.389 0.15 0.404
0.25 O 0450 0.25 O .467 0.25 0.508
Oo35 0,514 0.35 0.572 0.35 O .627
0.45 O 0603 O .45 0.700 0.45 0.750
0.55 O .725 O .55 0.837 0.55 0.886
0,60 0.808 0.65 1.008 0.65 I0O45
0.65 0.920 0.70 1.125 0.70 1.152
0«70 I0.072 0.75 1.270 0.75 10 248
0.75 1.275 0.80 1.426 0.80 1.395
HVT 0.50 - O 0659 0.50 - 0.765 0.50 - 0.818
Hold hack 0.3049 0.2726 0.2532
0.017 D 0.0138 D 0.0117 D
Diffusivity 0.038 B 0.0215 B 0.016 B
0.027 w 0.023 w 0.018 W
Air rate 1.36 Go 1.50 Go 1.64 Go
Peclet No. 1.20 B 2.14 B 2.84 B
1.70 W 2.0 W 2.5 w
2.7 D 5° 3 D 3°9 D
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Harwell Taper Copper-
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
6 6 55
573^0 gm.
6920 girio/min . 
0 o011 f t ./sec.
29 l i t o / m i n o  
22 : 1 
805 m i n s 0
2666930
0CMONO 2666932 (0.815) 2666933 (0.715)
Air rate 50 lito/mino 32 lit./mino 32.5 lit./min,
F(t) vt/V F(t) vt/V F(t) vt/V
0 o05 0 o968 0 .0 5 0.890 0 .0 5 0.785
0 o15 Oo 988 0.15 0.952 0.15 0.850
0 .2 5 ■0.991 0 .2 5 0 .972 0.25 0.885
0 . 3 5 0.992 0.35 0 .9 8 4 0.35 0.918
0o45 0.994 0.45 0.992 0.45 0.946
0.55 0.996 0.55 0.997 0.55 0.976
0 .6 5 0.998 O .65 1.006 O .65 1.012
0.75 1.001 0.75 1.025 0.75 1 .050
0«85 1.010 0.85 1 .059 0.85 1.115
0.95 1.047 0.95 1.152 0.95 1.256
HVT 0 .5 0 - 0.995 0 .5 0- 0.995 0 .5 0 -■0.960
Hold hack 0 .
tr\COO0 0<>0231 0.0655
0 ,000008 D 0.000065 D O.OOO73 D
Diffusivity 0,,000025 B 0,,0001 B 0.00061 B
o<,00002 W 0<
CM
CTs
OOOO
0 00005 3  w
Air rate 1<»035 G0 1 <,10 G0 1.12 G0
Peclet Ho. 2400 B 600 B 100 B
5000 W 650  w 115 W
7830 D 950 D 80 D
210
Harwell Taper
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
Copper-Nickel System 
66”
57360 gm.
6920 gmo/min 0 
0o011 ft0/sec. 
29 lito/min.
22 : 1 
803 minso
2666935 (Oo560) 2666934 (0.415) 2666936 (0 .310)
Air rate
HVT
Hold back
Diffusivity
Air rate 
Peclet No.
33 lit; o/min. 34 lito/mino 36 lito/min,
F(t) vt/V F(t) vt/V F(t) vt/V
O 0O5 O 0625 O 0O5 0 o488 0o05 Oo 359
Oo 15 0.712 Oo15 O o573 0o15 0.418
0 0 25 Oo781 Oo 25 Oo655 Oo25 O 0468
Oo35 Oo839 Oo 35 O o735 Oo35 Oo 528
0.45 O 0896 O o45 0 o822 0.45 O 0617
Oo55 0.954 Oo55 Oo927 Oo 55 Oo742
O 065 1 o 0 1 6 O 065 1o050 O 065 0 o890
0.75 10O85 0.75 1 o194 Oo75 1 o083
O 085 1 o196 O 08O 10 292 O 08O 10 200
0.95 1.415 0.85 1o425 O 085 1o347
0050 - 0.925 0 o50 - 0 o872 0 o50- Oo675
Go,1203 0.1805 0 o 2 9 6 6
0 .,0025 D O 0OO69 D 0 o021 D
0 c,00285 B O 0OO76 B 0 0O425 :
0 .,00218 W 0.0081 W 0 0O205 1
1 c,14 Go 1.17 Go 10 24 Go
21.,2 B 80O B 1o42 B
28 W 7°5 W 5oO w
24 D 808 D 2o9 D
211
Harwell Taper
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
Copper-Hickel System 
66 "
57560 gmo 
6920 gm,/min. 
0.011 fto/sec. 
29 lito/min.
22 : 1 
805 minso
2666956 (0,515) 2666940 (Oo225) 2666944 (0,205)
Air rate 56 lit,/min. 40 lit,/min. 44 lit,/min
F(t) vt/V F(t) vt/V F(t) v t / v
0,05 0,559 0,05 0,282 0,05 0,270
0,15 0,418 0,15 0,566 0,15 0,598
0,25 O .468 0,25 0,445 0,25 0,508
0,55 0,528 0,55 0,554 0,55 0,625
0,45 0,617 0,45 0,654 0,45 0,750
0.55 0,742 0,55 0,765 0,55 0,898
0,65 0,890 0,65 0,928 0,65 1,075
0,75 1o085 0.75 1.145 0,70 1,180
0,80 1,200 0,80 1,270 0,75 1o295
0,85 1.547 0,85 1.410 0,80 1,452
HVT 0,50 - 0,675 0,50 -0,695 0.50 - 0,821
Hold hack 0,2966 0,5059 0,2546
0,021 D 0,025 D. 0,0157 ‘
Diffusivity 0,0425 B 0,05 B 0,0215 :
0 ,0205  w 0,0225 w 0 ,025  w
Air rate 1o24 G0 1,58 G0 1=52 G0
Peclet Ho, 1,42 B 1,22 B 2,80 B
5,0 W 2 ,7  w 2 . 4  w
2,9 D 2,6 D 5o9 D
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Ideal Taper Copper-Nickel System
Bed height 24”
Bed weight I625O gm.
Solids flow rate 6950 gm./min.
Mean solid velocity 0 o01425 ft./sec.
Minimum fluidising rate 18 lit./min.
Aspect ratio 8 s 1
Turnover time
-
2.34 niins.
3246918 (O.905) 3246921 (0.675) 3246922 (0 .565)
Air rate 18 lito/mino 21 lit./min. 22 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/v
0 o05 Oo927 0.05 0.735 0.05 0.626
0o15 0.936 0.15 0.792 0.15 0.692
Oo 25 0o942 0.25 0.830 0.25 0.738
0.35 O 0946 0.35 0.865 0.35 0.779
0»45 0.950 0.45 0.897 0.45 0.826
0.55 0.956 0.55 0.932 0.55 0.878
O .65 O .968 O .65 0.971 0.65 0.958
0.75 0.996 0.75 1-027 0.75 1o092
0.85 I0O55 0.85 1-127 0.85 1 - 288
0.95 1-159 0.95 1-303 0.90 1.415
HVT 0o50 - 0.952 0.50 - 0.915 0.50 = 0.851
Hold hack 0.0359 0.0988 0.1504
0.00013 D 0.0008 D 0.0022 D
Diffusivity 0.00010 B 0.00085 B 0.0023 B
0.00035 W 0.00124 W
Air rate 10 00 G-q _ 0 1.22 G0
Peclet No, 280 B 32.4 B 12.4 B
- W 78 W 25 w
200 D 35-0 D 13-0 D
219
Ideal Taper pper-Mekel System
Bed height 24"
Bed weight 16250 gm.
Solids flow rate 6950 gm./min.
Mean solid velocity 0o01425 ft./min
Minimum fluidising rate 18 lit./min.
Aspect ratio 8 s 1
Turnover time 2.54 mins.
3246922 (0 ,565) 3246925 (0,450) 5246924 (0.575)
Air rate 22 lito/min. 23 lit./min. 24 lit./min.
F (t) vt/V F(t) vt/V F(t) vt/V
0,05 0,626 0.05 0,490 0.05 0.428
0.15 0,692 0.15 0.552 0.15 0.500
0,25 0,758 0,25 0.603 0.25 0.556
0,55 0,779 0.35 0.657 0.35 0.616
O .45 0,826 O .45 0.718 0.45 0.677
0,55 0,878 0,55 0,802 0,55 0.768
0,65 0,958 O .65 0.929 O .65 0.917
0,75 1,092 0.75 1^155 0.70 1.020
0,85 10 288 0.80 1.270 0.75 1.165
0,90 1,415 0.85 1°435 0.80 1.354
HVT 0,50 - 0,851 0.50 - 0,757 0.50 - 0.718
Hold back 0,1504 0.2235 0.2526
0.0022 D 0,0049 D 0.0065 D
Diffusivity 0,0025 B 0.00675 B 0.0098 B
0.00124 w 0.00355 w 0 .0049  w
Air rate 1,22 G0 1,28 G0 10 35 Gr0
Peclet Noe 12,4 B 4o2 B 2.88 B
72 W 8,5 W 5.8 W
15.0 D 5o8 D 4o4 D
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Ideal Taper Copper-Nickel System
Bed height 24f»
Bed weight 16250 gm.
Solids flow rate 6950 gm./min.
Mean solid velocity 0.0142 ft./sec.
Minimum fluidising rate 18 lit./min.
Aspect ratio 8 s 1
Turnover time 2.34 mins.
3246924 (0.375) 3246926 (0 .300) 3246930 (0.280)
Air rate 24 lit./min0 26 lit./min. 30 lit./min.
P(t) vt/V P(t) vt/V F(t) vt/V
0.05 0.428 0.05 0.346 0.05 0.518
0.15 0.500 0.15 0.421 0.15 0.375
0.25 0.556 0.25 O .488 0.25 0.440
Oo 35 0.616 0.35 0.562 0.35 0.525
O .45 0.677 O .45 O .644 0.45 0.635
0.55 0.768 0.55 0.743 0.55 0.792
O 065 0.917 0.65 0.903 0.60 0.888
O .70 0.917 0.70 1.028 0.65 1.000
0.75 1o165 0.75 1o187 0.70 1.132
0.80 1.334 0.80 1.390 0.75 1.300
HVT 0.50 -0.718 0.50 -0.690 0.50 =0.707
Hold back 0.2526 0.2875 0.2931
O.OO65 D 0.011 D 0.0105 D
Diffusivity 0.0098 B O.OI7 B 0.019 B
0.0048 W 0.009 w 0.0165 w
Air rate 1*33 G0 1° 45 Go 1.67 G0
Peclet No. 2.88 B 1.68 B 1.48 B
5.8 W 3.2 W 1.7 w
4.4 D 2.55 D 2o? 3)
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Copper-Hickel System
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
48"
35100 gro°
69OO gm./min. 
0o0151 fto/sec
21 lito/mino 
16 : 1 
5o10 minso
3486922 (O.94O) 3486923 (Oo875) 3486924 (0.750)
Air rate 22 li-t. /min. 23 lit; ./min. 24 lit./min
F(t) vt/V F(t) vt/V F(t) v t / v
0 o05 0.960 0.05 0.908 0 . 0 5 0.798
0.15 0.970 0.15 0.955 0.15 0.826
0.25 0.974 0.25 0.952 0.25 0.838
Oo35 0.980 0.35 O .967 0.35 0.854
0.45 0.988 0.45 0.979 0.45 0.875
Oo 55 0.996 0.55 0.990 0.55 0.908
0 . 6 5 1.007 O .65 1.008 0.65 0.974
0.75 1.023 0.75 1.033 0.75 1.076
0.85 1 .0 4 6 0.85 1 .081 0.85 1 .2 2 4
Oo95 1.124 0.95 1 .208 0.95 1 .4 4 8
HVT O . 5 0 -■ 0.992 0 .5 0 - 0.985 0 . 5 0  - 0.890
Hold back 0 .0136 Oo■0275 0 .0929
0 .000036 D Oo,000122 D 0 .00167
Diffusivity 0 .000013 B Oo,00013 B 0 .00143
0 .00005 w 0.,00013 w 0 .00077!
Air rate 10 05 Go 1 c■095 G0 1.14 G0
Peclet No. 4000 B 400 B 36 .8 B
1100 W 400 W 68 W
1450 D 430 D 32 .5 D
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Ideal Taper Copper-Nickel Syste
Bed height 48"
Bed weight 35100 gm.
Solids flow rate 69OO gm./min.
Mean solid velocity 0o0151 ft./sec
Minimum fluidising rate 21 lit./min.
Aspect ratio 16 : 1
Turnover time 5*10 mins.
3486924 (0.750) 3486926 (0.660) 3486927 (0.500)
Air rate 24 lit./min. 26 lit./min. 27 lit./min.
F(t) vt/V F(t) vt/V F(t) vt/V
0.05 0.798 0.05 0.698 0.05 0.584
0.15 0.826 0.15 0.727 0.15 0.661
0.25 0.838 0.25 0.745 0.25 0.719
0.35 0.854 0.35 0.768 0.35 O.78O
0.45 0.875 O .45 0.806 O .45 0.841
0.55 0.908 O .55 0.866 0.55 O .917
0.65 0.924 0.65 0.974 O .65 1.023
0.75 1*076 0.75 1.133 0.75 1.175
0.85 10 224 0.85 1*336 0.85 1.360
0.95 1*448 0.90 1.465 0.90 1.468
HVT 0.50 -0.890 0.50 - 0.832 0.50 - 0.878
Hold back 0.0929 0.1414 0.1510
0.00167 D 0.0033 D 0.00405 D
Diffusivity 0.00145 B 0.0036 B 0.00425 B
0 .00075  w 0.0021 W 0 .0039  w
Air rate 1.14 Go 1.24 Go 1.285 G0
Peclet No» 36.8 B 14*6 B 12.4 B
68 W 25 w 13*5 w
32.5 J> 15.8 D 15*0 D
223
Ideal Taper
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
4 8 15
35100 gmo 
6 9 0 0  g m 0/ m i n  . 
0 o0131 f t o / s e c
2 1  l i t o / m i n o
16 s 1 
5 o10 mins 0
3486927 ( 0 o 500 ) 3 4 8 6 9 3 0  ( 0 . 3 0 0 ) 3 4 8 6 9 3 4  ( 0 „ 3 4 <
Air rate 27 l i t o / m i n o 30 l i t . / m i n . 3 4  lit./min.
F(t) vt/Y F(t) vt/Y F(t) vt/Y
O 0O 5 O o  584 0 . 0 5  0 . 3 7 2 0 . 0 5  O . 4 O 6
( 0 o 1 5  O 066I 0 .1 5  0 . 4 6 0 0 . 1 5  0 .502
0 0 25 0 * 7 1 9 0 . 2 5  0 . 5 4 2 0 . 2 5  0 . 5 8 5
O o 3 5  0 . 7 8 0 0 . 3 5  0 . 6 3 8 0 . 3 5  0 . 6 7 4
O 045 0.841 0 .4 5  0 . 7 4 8 O .45  O .784
O 055 O o 9 1 7 0 . 5 5  O .863 0 . 5 5  0 . 9 0 2
0 * 6 5  1.023 0 . 6 5  1 . 0 2 5 O .65  1 .040
0 * 7 5  1 . 1 7 5 0 .7 0  1.142 0 . 7 5  1 . 2 2 5
0 o 8 5  1 .360 0 . 7 5  1 o 2 7 5 0 . 8 0  1 . 3 4 3
0 o 90 1*468 0 . 8 0  1 . 4 2 5 0 . 8 5  1 . 4 9 0
HYT O o 5 0  -  O o 8 7 8 0 . 5 0 =  0 . 8 0 0 0 . 5 0 =  0 . 8 4 2
Hold back 0 o 1510 0 . 2 3 8 4 0 . 2 1 5 1
0 . 0 0 4 0 5  D 0 .0114  D 0.0091  :
Diffusivity O 0O O 425 B 0 . 0 1 5 1  B 0.0110 :
0 .0039  W 0 . 0 1 2 8  W 0.010 w
Air rate 1 . 2 8 5  G 0 1 ° 4 3  0 o 1.62  Go
Peclet No. 1 2 . 4  B 3.48  B 4 . 8  B
1 3 » 5  W 4.1 w 5.2 w
1 3 o 0  D 4 . 6 0  D 5 o 7 5  X>
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:el System
Bed height 
Bed weight 
Solids floto rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
66«
49500 gmo
6980 gmo/mino
0.0129 fto/sec 
25 lit./min..
22 ; 1 
7d 0 inins»
5666926 (0 o9 6 0) 5666950 (0o910) 5666931 (0.78(
Air rate 26 lito/mino 50 lito/mino 51 lito/min
F(t) vt/V F(t) vt/V F(t) vt/V
0o05 Oo982 O 0O5 O 0944 0 o05 0o812
0.15 0o989 0.15 Oo954 0 o15 0 o828
0 0 25 Oo991 0 0 25 Oo958 Oo 25 0o844
0o 55 Oo995 Oo 55 0 .9 6 4 Oo55 O 086O
Oo45 Oo995 0»45 Oo971 Oo45 O 088I
0o 55 0.996 0*55 O o979 O 055 0.911
O 065 Oo998 O 065 0o982 O 065 O 0969
Oo75 1 o000 Oo75 1 o000 Oo75 1 <>067
Oo85 1 o050 0 0 85 I0O41 Oo85 10 228
Oo95 1 o 140 Oo95 U165 Oo95 10 500
HVT 0 o50 - Oo995 0»50 - Oo975 0 o50 - O 0894
Hold back 0 c ,0062 0c0257 0 o0892
0o000065 D O0OOOI64 L O 0OO2 D
Diffusivity 0 c ,00001 B 0.00016 B O 0OOI8 :
0 < ,000015 w O0OOOO64 W O 0OO09 1
Air rate 1 ,>13 G0 10 50 G0 1°55
Peclet No. 8000 B 440 B 59o2 B
6 0 0 0 W 1100 W 78 w
1150 D 434 D 35 0 5 D
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Ideal Taper
Bed height 
Bed weight 
Solids flow rate 
Mean solid velocity 
Minimum fluidising rate 
Aspect ratio 
Turnover time
Copper-Niekel System 
66"
49500 gnio
698O gmo/mino 
0 o 0 1 2 9  ft./sec.
25 lito/mino 
22 s 1 
7<>10 mins<.
3 6 6 6 9 2 9 (O0365) 3 6 6 6 9 3 0
0E—0 3666931 ( 0 . 5 8 (
Air rate 29 lit o / m i n o 30 lit./min. 31 lit o/min
F ( t ) v t / v F ( t ) vt/V F ( t )  v t / V
0 .0 5 O o  7 9 2 0 . 0 5 0.743 0 .0 5  0 .658
0 .1 5 0 o 8 1 2 0 . 1 5 0 . 7 7 7 0 . 1 5  0 .696
O o  2 5 0 o 8 2 5 0 . 2 5 0 . 8 0 3 0 . 2 5  0 . 7 4 0
O o 3 5 O .843 0 . 3 5 0 . 8 2 5 0 . 3 5  0 . 7 8 4
0 . 4 5 O 0863 0 . 4 5 0 .852 O .45  0 . 8 3 3
O o 5 5 O0895 0 . 5 5 0 .890 0 .5 5  0 .888
O .65 0 . 9 5 3 O .65 0 .9 6 4 O .65  0 . 9 8 3
0 * 7 5 I0O74 0 . 7 5 1 . 0 8 8 0 .7 5  1.120
O085 1.240 0 . 8 5 1 . 2 8 6 0 . 8 0  1.215
0 .9 0 1 - 3 7 4 0 .9 0 1 . 3 2 5 0 . 8 5  1 . 3 5 0
HVT 0 o 50 - 0 . 8 7 7 0 . 5 0  - 0 .8 7 0 0 .5 0  =» 0 .858
Hold back 0 0I O O 9 0 <, 1 1 4 1 0 . 1 4 4 4
0 0O O 24 D 0 <, 0 0 2 9  D 0 .0047  :
Diffusivity 0 . 0 0 2 2 5 B 0 <, 0 0 2 9 5  B 0.00515
0 .0010 w 0 .,00142 w 0 .0034  ’
Air rate 1 . 26 Go 1 < . 3 0  G 0 1.35 0o
Peclet No. 31 . 2  B 24 B 1 3 . 8  B
7 0 W 50 W 2 1  I
3 0 D 24 D 1 5 . 6  D ,
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Ideal Taper Copper-Niekel System
Bed height 66"
Bed weight 49500 gm.
Solids flow rate 6980 gm,/min,
Mean solid velocity 0,0129 ft,/sec.
Minimum fluidising rate 25 lit,/min.
Aspect ratio 22 : 1
Turnover time 7,10 mins.
5666931 (Oo 580) 5666952 (0 ,410) 3666934 (0 ,500)
Air rate ; 51 lit <,/min , 52 .lit,/min. , 34 lit,/min.
F (t) vt/V F(t) vt/V F(t) vt/V
0o05 O 0658 0,05 0,478 0,05 0,566
0 d 5 0,696 0,15 0,554 0,15 0,654
0,25 0,740 0,25 0,618 0,25 0,727
Oo 55 0,784 0,55 0,690 0»35 0,794
0,45 Oo855 0,45 0,776 0,45 0,866
0»55 0,888 0,55 0,876 0,55 0,944
O 065 0,985 0,65 1,008 0,65 1,040
0,75 1<.120 0,75 1o176 0,75 1o158
0,80 1,215 0,80 1,290 0,85 10 340
0,85 1,550 0,85 1o450 0,90 1,464
HVT 0,50 - 0,858 0.50 - 0,825 0,50 - 0,902
Hold hack 0,1444 0,2021 0,1455
0,0047 D 0,010 D 0,00525 D
Diffusivity 0,00505 B 0,0122 B O 0OO52 B
0,0054 w 0,0118 ,W 0,00505 w
Air rate 1.35 Go 1o59 0o 10 48 Go
Peelet No« 14,0 B 5,8 B 13,6 B
21 W 6 W 14 w
15,0 D 7°1 D 13o5 D
22?
Ideal Taper Copper-Niekel Syst<
Bed height 66"
Bed weight 49500 gm*
Solids flow rate 6980 gm./min*
Mean solid v eloeity 0*0129 ft./see
Minimum fluidising rate 25 lit./min*
Aspect ratio 22 t 1
Turnover time 7*10 mins *
3666932 (0*735) 5666933 (0 *600) 5666934 (0*550)
Air rate 32 lit./min* 33 lit./min* 34 lit./min*
F(t) vt/V F(t) vt/V F(t) vt/V
O 0O5 0*771 0*05 0*644 0*05 0*614
0*15 0*795 0*15 0*693 0*15 0*672
0*25 0o815 0*25 0*747 0*25 0*724
0*35 Oo833 0*55 0*787 0*35 0*777
0*45 0*857 0*45 0*844 0*45 0*836
0*55 0*895 0*55 0*914 0*55 0*915
O 065 0*975 0*65 1*000 0*65 1*012
0*75 1<>092 0*75 1*128 0*75 1*162
0*85 1 <>277 0*85 1°515 0*80 1*265
0*90 1*405 0*90 1*450 0*85 1*594
HVT 0*50 - 0.873 0*50 - 0*877 0*50 - 0*870
Hold hack 0*1060 0*1382 0*1471
0*0029 D 0*0046 D 0*00535 D
Diffusivity 0*00255 B 0*00455 B 0*00535 B
0*0016 W 0*00575 w 0*00405 W
Air rate 1°59 G0 1°435 G0 1*48 G0
Peelet No* 28 B 15*6 B 15o2 B
45 W 19 w 17°5 w
24o5 D 15*6 D 13o2 D
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Ideal Taper Copper-Niekel Sysl
Bed height 66 ”
Bed weight 49500 gHo
Solids flow rate 698O gffio/min .
Mean solid velocity 0 o0129 ft 0/s€
Minimum fluidising rate 25 lito/mino
Aspect ratio 22 s 1
Turnover time 7 010 mine 0
3666939 (0o4?0) 3666938 (O0450) 3666940 (0o320;
Air rate 36 lito/mino 38 lito/mino 40 lito/mino
P(t) vt/V P(t) vt/V P(t) Tt/V
O0O5 Oo526 0o05 0.506 O0O5 0.398
0o15 O06O4 0 o15 Oo589 0.15 Oo485
Oo 25 Oo679 Oo 25 O066I Oo25 0 0 566
Oo 35 Oo753 Oo 35 Oo736 Oo 35 O0655
O045 Oo833 Oo45 O08I8 O045 0.762
Oo55 Oo933 0.55 0,911 0.55 O0890
O065 I0O48 O 065 n 022 O065 I0O57
Oo75 1o207 Oo75 1 o 190 0 o70 I0I54
O08O 10 307 O08O 1o306 Oo75 10 282
O085 1,427 O085 1o477 O08O 1.444
HYT 0o50 -O0850 0o50 - O0865 Oo50 - 0 o820
Hold back O.1672 0,1784 0,2244
O0OO685 D 0 o009 D 0 o0135 D
Diffusivity 0 o0074 B O0OO865 B 0 o0170 B
0 o0074 O0OO885 W 0 o0195 w
Air rate 10 565 Go 1o65 Go 1o74 Oo
Peelet No. 9 o8 B 8 0 2 B 4 o2 B
9 o8 W 80O W 5o7 w
10o3 D 7 o8 D 5o25 D
IM
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•Chapter 8
 (a) MATHEMATICAL TREATMENT OF RESULTS _
All results concerned with the copper-nickel system 
were obtained in the first instance as F-diagram traces on a 
strip chart recorder.. These were then converted into a standard 
F-diagram form by simple manipulation of the axes. Those 
results stemming from runs performed with ballotini were plotted 
directly as F-diagrams in standard form once the various sample 
analyses had been undertaken..
From the shape of these curves, from visual observation 
and from theoretical considerations it was thought that mixing 
in a fluidised bed could well be described by a diffusion-type 
mechanism at gas rates not far above those required to bring 
about fluidisation and for large values of aspect ratio* Since 
no more satisfactory theory has been put forward in the literature, 
or devised by the author, it was decided to define the curves by 
a characteristic "Diffusivity”. It is in terms of this 
“Jdif fusivity^ that the variation of the other parameters are 
considered*
Four separate approaches to the diffusional hypothesis 
are considered elsewhere, of which three are in very close agree­
ment - Fig* (7€) - down to values of the Peclet number rarely 
achieved in the experimental F-diagrams* It was thus decided to 
use the least laborious method required by this theory in order 
to obtain a value for the "diffusivity”*
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The simplest technique is that of Westerterp and 
Landsman? who found that when an F-diagram in accord with their 
theoretical postulates was plotted on arithmetical probability 
(concentration) - linear (reduced time) paper? a straight line 
resulted for a Peclet number as low as 2 9 the interval between 
the intersections of the 16th and 84th percentile lines with 
this straight line having a value (s) which they regarded as 
its characterising parametero From a knowledge of this value S 
it was possible by means of Figo (73) to obtain the Peclet 
number appropriate to the F-curve and from this to calculate 
the diffusivity since the mean solid velocity and the length 
of the experimental section were known0
Further to this and as a check? a computer "Ferranti
Sirius'" was programmed to obtain values of the diffusivity from
the modified Dankwerts9 equation? using the same data tape as
was used for the method of Westerterp and Landsmano It was not
possible to work with both terms in the modified Dankwerts
equation at Peclet numbers greater than 200? since this
involved? in the case of the second term? the evaluation of
=80
erf 15? t M s  being of the order of 1 = 10° ? a’ figure obtained
by the exIfoapeSition of values published in "Chambers9 Six Figure 
Tables"o Study of the modified equation will show that for a 
Peclet number of 200 the second term must be evaluated from such 
figures as
e200 (1 - /T - 10=8^  )
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where even the minutest error in the evaluation of the error |
function can lead to astronomical errors in the value of this
term. Thus it was decided that for a Peclet number above 200
\
only the first term would be used* this being the original 
Dankwerts equations the error involved in this approximation 
not being very greato
Throughout the compilation of the programme the major 
obstacle was the economical definition of the error function.
Two series are proposed in the various source books of tables* 
one being for high values of x, the other for low valueso
Highs erfx) = 1~exp(-x2)/x^^(l~jh:2 + “ ( 2 x ^  —  —  0
2 / i— rwi .^5 x 5 x7
how s erf?x.> — y  11 1=1  ^1 ^  2 = yfy ©.ooooooo.)
The first of these two expressions gives rise to not inconsider- 
sable computational difficulties* owing to the fact that large 
numbers must be manipulated in order to arrive at a relatively 
small remainder. As can be quite clearly seen for any finite 
value of x the rate of increase of the numerator is constantly 
increasing* whilst the rate of increase of the denominator is 
fixed.
The cross-over point from one series to the other was 
found by programming the computer to generate tables of er^k) 
by both methods* with continually decreasing increments in x 
as the cross-over point was approached* its value being 1.723o
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For values of x above 5 it was necessary to use an
interpolation method, with values of erf^ k) obtained from.tables®
Since for large (greater than 7) values of x the numbers involved
become too cumbersome for the computer to handle, that is
“50
smaller than 1=10 J , it was decided to work in terms of the C0“ 
log of erl^O as the term giving trouble was 
exp (Pe) /T - er 
the co-log being the logarithm to the base 10 of that number 
which, when subtracted from unity gives the required value®
Thus we now have
exp (Pe) /T - (1 “10 al7 ~ exp (Pe) jjQ 
the cO"log of erifx) being a° Calculation of the final value of 
the term is made easier by the step
exp (Pe) /fo“^ 7 - exp (Pe - 2„30258a)
From here it is but a simple matter to programme the computer 
to produce values of F(t) from the Modified Dankwerts equation 
for a series of values of vt/?. These are shown in Fig® (l)0 
With only a slight modification of the programme it was possible 
to get the computer to compare the experimental F=curve with 
the calculated one on the basis of 10 experimental values of 
vt/V. The procedure was for the computer, after an initial 
guess had been made for the diffusivity, to try other values of 
diffusivity until the sum of the squares of the differences in 
the values of calculated and experimental values for F(t) was 
a minimum® This then is the value for diffusivity which will 
be found in the tabulated results followed by the suffix D®
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The area under each experimental F-eurve was found 
hy programming the computer to sum a series of strips whose 
thickness was one-hundredth of the F(t) scale, i®eQ a value of 
F(t) of 0o01 and whose length was the horizontal distance 
between the F-eurve and the line vt/V » 1® The majority of 
F-curves cross this line at an F(t) value of between 0®60 and 
0 o70? thus it will be seen that the resultant area is usually 
the sum of at least 60 such strips and as such gives a more 
accurate result than could be hoped for from a planimeter
measurement, in a very much shorter space of time® Each
summation usually occupied about four seconds using the same 
data tape as the two previously considered methods® This 
measurement of hold back served two purposes % it makes comparison 
with other workers possible, and it was used to provide a check 
on the diffusivity obtained by the two previous methods® To 
do this a data tape was prepared upon which ten of Brenner9s 
F-curves were defined over the full range of Peclet numbers he
considered® The hold-back for each of these curves was obtained
from the computer, and a plot of Peclet number versus hold back 
prepared - Fig® (74)°
Thus for any F-curve, once the hold back had been 
computed it was possible to refer to Fig® (74) find the 
corresponding Peclet number from which could be calculated the 
diffusivity® This method is not in these circumstances so un- 
sreasonable as it might at first sight seem® This is because
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the F-curves have been observed to fit closely the shape 
demanded by a diffusional hypothesis®
The value of hold-back itself is, however, not to be 
regarded in any way as a superior characterisation of the F- 
curve to the diffusivity, since a linear increase in hold— back 
is not equivalent to a similar increase in diffusivity except 
for one specific case for any given percentage increase®
To avoid any false impression it was decided to 
present the results both as holdback versus air rate and as 
diffusivity versus air rate®
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(b) COMPARISON OF METHODS FOR Pe = 16
(1) Westerterp and Landsman
In order to obtain the F-dxagram which would? on 
analysis by this method, yield a Peclet number of 16, it is 
necessary to work backwards from the data provided in Figo (75)°
A Peclet number of 16 corresponds to a value of S (the difference
between the values of (1 - TH/ yTH) at the 16th and 84th percentile
pointso These two points are known to lie on a straight line
which passes through the point 50$, 0. Thus we have one fixed
point and the gradient of the line, which may now be drawn. It 
only remains to consult the work of Westerterp and Landsman to 
find the half value time corresponding to a Peclet number of 16. 
With this information the F-diagram may be drawn in the usual 
coordinates - Figo (76).
Once the half value time has been obtained it is 
possible to evaluate vt/V from the values of 1 - TH/^/tH taken 
from the straight line plot on probability papers
vt/V TH 1 - TH s/TH 1-TH/ v/th c/c' 0
0o4 0.425 0.575 O 0652 0.862 =.
0 o5 0.532 0.468 0.706 O 0662 2.5
0 0 6 00640 O.36O 0.775 0.465 8.5
Oo? 0.745 0.255 0.836 0o505 18.5
O 08 O0850 0 o150 0.894 O0I68 31 pO
0o9 0.951 O 0O43 O o949 O 0O45 45°0
1 oO 10O62 - O 0O62 1.028 - O 0O62 57o5
1.1 ld70 - 0 .170 1 0O48 - 0 .162 67 0 5
1 o2 1 o277 - Oo277 1o094 = 0.253 76.5
104 10490 - O.49O 1 o183 - 0.415 8 8 .0
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(2) Modified Dankwerts Equation
In this case a computer programme had previously 
been prepared to generate tables of F(t) versus vt/V for this 
equation. Thus all that was necessary was to plot the values 
given in the print out corresponding to a ..Peclet number of 160
(3) Brenner
Brenner in his paper (39) thoughtfully provided 
tables of values of solid exit concentration versus time for 
various values of the parameter P, this being Pe/4° All that 
was required in this case was to plot the values given for P = 4 
in Fig. (76) •
(4 ) Levenspiel and Smith
Again, with this method it is necessary to work
backwards from an assumed value of the Peclet number* in this
2case 16, to find a value of the variance S using the equations 
S2 = 8(^/uL)2 = 2(D/ul) 
which for n^/D = 16 gives
s2 = 32 = Oo1565.
It should be noted that S in this case is not the same as that 
used in the work of Westerterp and Landsman»
The property of a normal distribution that the 
interval between the 16th and 84th percentile points is equal 
to two standard deviations, i 0e 0 2S, is now utilisedo
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Prom the above relation 2S = 0=790°
Next, from data contained in the paper of Levenspiel 
and Smith (55) it is possible to estimate the half value time 
for a Peclet number of 16 = Now an F-diagram may be plotted, 
since the straight line on arithmetical probability-linear 
paper has been located and its gradient is also knowno It is
probably more accurate to calculate the values of P(t) with
variation in vt/V from the identity developed in Chapter 3? 
but a great deal more work is involvedo
(5) Original Dankwerts Equation
This equation is that originally developed by 
Dankwerts (35) and has the form:
2 P(t) - 1 - erf/Tl - vt/v)/2^D/uL x Y t / v J
By assuming different values of vt/V it is possible to find 
F(t). This procedure was carried out for several values of vt/V, 
the results being plotted in Fig. (?6).
Comparison of values obtained by various methods
vt/V Modified Brenner Westerterp
Dankwerts and
Landsman
F(t) F(t) F(t)
0 = 4 0 = 000 0 = 005 0 = 000
0 = 5 0=030 0 = 028 0=025
O06 0.090 0 = 087 0 = 085
0 = 7 0 o190 0 = 186 0=185
O08 0.317 0 = 310 0 = 310
0 = 9 0.455 0 = 442 0 = 450
1 =0 0.565 0 = 566 0.575
1 = 1 0 = 668 0 = 673 0 = 675
1=2 0.755 0 = 760 0 = 765
1 =4 0 = 875 0=880 0 = 880
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It will be observed that for a Peclet number of 16 
the tabulation above indicates that the curves resulting from 
the three methods may be regarded as identical.'
The curve plotted utilising the method of Levenspiel 
and Smith lies quite some distance from the other three, 
especially at low values of vt/V; this is to be expected as 
the authors of this method indicate (35)? since the range of 
Peclet numbers for which it is valid is above 100, below which 
number the errors become progressively larger the smaller the 
Peclet number.
The curve was included in order to illustrate the 
reasons behind its rejection as a suitable analytical tool for 
results obtained in this work. It is undoubtedly a quick and 
accurate method at Peclet numbers above 100; its use in this 
range would unfortunately have still left many runs to be 
treated by some other method.
As an extreme test a plot was made using similar 
methods to those outlined above to plot F-diagrams for a Peclet 
number of 1; these may be found in Fig. (72).
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(c) LIMITATIONS OF ANALYTICAL TECHNIQUES
(1) Hold back Method from Brenner’s Data
As mentioned earlier, this method relies upon the fact 
that most of the F-diagrams obtained experimentally belong to 
the same family of curves, and that the nature of the mixing 
process can be characterised throughout by a diffusion type 
model. The curves behave in a predictable manner up to a point 
where slugging occurs, when the hold back suddenly decreases 
with increasing air rate before continuing to increase still 
further. Although the lift-off point from F(t) = 0 continues 
to approach zero with increase in air rate, the intercept on 
the line vt/V = 1 suddenly decreases, later to increase again=
Thus any values of diffusivity calculated on the basis 
o f hold back must be suspect at values of Go greater than that 
which marks the onset of slugging. The graphs of hold back 
against air rate are, however, unaffected by these consider­
ations and remain of value. The main use of such curves is to 
enable comparisons with the work of others to be drawn. To the 
reactor designer the value of hold^back alone is of little use; 
what is of importance to him is the actual spread of residence 
times occurring in the system, as this enables him to calculate 
the performance of the reactor if the kinetics of the process 
are known. Bearing in mind the fact that the shape of the hold 
back area does not alter appreciably within the region under
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consideration in this work, those values of diffusivity 
obtained on the basis of hold back alone do serve to indicate 
trends in the mixing process if regarded as "effective 
diffusivities". This method is valid, for all Peclet numbers.
(2) Westerterp and Landsman
Assuming that the F-diagram when plotted on arithmetical 
probability paper gives a straight line, it will be apparent that 
it is possible to obtain a line of similar slope with any one 
of an infinite number of F-curves, unless the half value time is 
specified. Thus the results obtained by this method can be 
subject to considerable error. Fortunately the deviations are 
not considerable in this work, the greatest errors coming from 
the diagrams which did not result from a diffusion type mixing 
process, and gave plots which were not straight lines, a fault 
that can easily be recognised during the calculations.
Since this is the first work of its kind it was felt 
that all values should be included, those spurious ones being 
immediately obvious from the F-curves. The most satisfactory 
analysis based upon this method would involve not only the 
specification of a half value time before any curve is defined 
b ut also its proximity to linearity=
However, most of the objections raised against this 
method are countered by the use of the eurverfitting technique 
involving the Modified Dankwerts equation.
Valid for Peclet number greater than 2.
In this method the criterion used to establish the 
best fit between the calculated and experimental curves was 
the sum of the squares of the differences in F(t) values for 
given vt/V values. Now without the imposition of any criteria 
with regard to the magnitude of the sum of squares, the two 
curves need bear no relationship to each other. To this end 
such a limitation was imposed, albeit not a very stringent one, 
that the sum of the squares should not exceed 0.02 if the values 
of diffusivity obtained therefrom were to be included in the 
graphical plots. In the tabulated results, however, a value of 
diffusivity is included for all sums for the sake of completeness. 
This criterion was chosen after an examination of curves generated 
by the computer with increasing deviations from the true values, 
and also by feeding data from curves constructed with increasing 
deviations from a set Peclet number. The percentage error is 
not, unfortunately constant, with a fixed criterion as to the 
maximum value of the sum of squares. The error increases with 
increasing Peclet number. To take this into account would be 
too tiresome in view of the fact that the diffusivity is also 
calculated by two other methods.
Two further errors which are common to all methods are 
the definitions of mean solid velocity, which is obtained by 
dividing the bed height by the time taken for one complete bed 
turnover to take place. However in the case of tapered beds the
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solid velocity is not uniform throughout the bed, a fact that 
is neglected in the development of the methods used. It is 
felt that the error involved should not in this case be too 
serious. Also the area available for transfer of mass increases 
with distance from the distributor plate with tapered beds.
This would increase the complexity of the mathematics to such 
an extent that a comprehensive treatment of the results would be 
impossible.
l—
(O
/L
. 
e>
 
a
a
C
L
K
0*4©
0-36
0 32.
028
0-2.4-
O  2j0
o i  6
o*2.
0 08 rrrrf-
0-04-
.y^.)MORic.A^- ^ . ^ .0
ppgR-fs|
O S 0  6 /•/ /-2 /-“S
/^ llR IZ/iTG / q a
I
H
0
2
-
0
>
 r
i
«
C
L
K
--
o-to
•; !''•••::
~r- •.-r—■
j - - i -
M KftPH-Of
ft r
0 * 2
Oil
C K MSL
F b R i A j S ^ i a g u & y a
0-2^
0*20
0(6
0*12.
0*01
o*o$
i-i i*2. i*3
/3iR. M T C  Q 0
0 * ^
O'
0 28
o2A+
J
0
J
0
Si
SH
H i M * 55
m g
o  16
/— 
lo
£_
 
c*
OZ2.
C o p p e a  -  r ^ io k s t - j  ^HfsTtfervi
O  *2.0
o o S
rttrr
o*?
iFit-rlr :n
m
si !*Ttd1T
m
IZ I ^
A mi fla-T£ /q {
0*9 i-o if 12 I--S I-* <*'S i-6

m m W W M wzm?’
•44'Rm
1
if
tft IK
h
b
iP
#
I tm*
B'Ueo)
0-9 1*00 I- I 1-2- l-'S
A  i tK. firtTe/£j0
I -4- »-s 1*6
D
iF
P
O
S
I
V
I
T
Y
 
(>
ry
se
c)
1I HgjiSB
S
I
i
I
ta
:
m3
F S
t : 'J
/■$ *H
Ain fl/\r&/c}t
rs
/• o /•/ /*2L '*3 1 -4- /--S’ 16 17
/lilt R^-re
3witj
s
riiij
1
/• o 12 /• 3
A ir. R ^ n =  /<S,
~t-rrr-rrrr r r r f m : i  : : ;: i ; ' i i.-rr h p r i : -S rt-rrT r : r: : t : : : ; - - - I  T rrrf -rrr  tt~- r r r r
xt;
TFT
:::!!•
■rMiir-rt~r
:r.
O'' 2.59
:r:;f
IJ-; : I: u : -rrrtT TTTTT
1S £
! : : : :
Stef.
OpOJI^lELp v r 4-p ^
B m p
|S:1Ttt<S4
Hu*,
O
/
^
-
^
o
S
)
v
e
r
y
 
(/
-r
^
/
s
^
c
j
TT TTTTTTT:
:?rt)
B a m
ft
! i -Hi
;n:
/•2 l' +  
A i r  R/rre /gc
Q
/
F
f
^
u
^
t
v
i
T
V
 
(
F
T
*
I T S VAL
iii;i f
/ ^  iS
R.A-re /(?„
QF Dlf^FO^lS/iTV R a t t s^  A< R
E A L  7 A P 6 t l
M p D i f t i E L D  p A i - i K o J e R * r s  ; v v ^ o - e  ,
j
t?A2
/•z /-^ /*4
zA/r JX<k t g /a
P
/
r
F
O
S
l
^
l
T
/
 
("
FT
^/
Se
cj
pfr s
tptfpj.:
El
im
A  I O O
t r r r
3o
■ i::tIU
20
i 'HI
t:u
o-6 o-s ioOt+O- 2.
0*10
p i c
i:t.t
■r
E
H t
IE
it
F
"h
(Z 
'21E>'3briuJ) 
— 
O 
O 
/
( r
z/
vc
-e
rz
.
/ &v>
j g g g l g glj.
aasgg ig!5jr IS f f i
Hr ^5
M
M * *m mm
rrtr
tjwif
STOjt
tl+r-43
KlSrSmm
m si
SsSi
iL m titt
r^|t±;n
S
i
m m
Tr& AUOO
268
Chapter 9
(a) DISCUSSION OF RESULTS
Hold—back - air rate plot
From a study of Figs 0 5 %  6o; 6a, the plots of hold­
back versus air rate, it will be seen that in the case of the 
cylindrical bed the break point does not, as would be expected 
from usual observation, show any tendency to occur at lower Go 
values as the bed height increases, the break occurring between 
the values of 1o2 G0 and 1«35 G0 in all cases. Visual observation 
of the fluidised bed leaves the impression that the tendency 
towards slugging is increased with increasing bed height.
Although this is probably the case it does not manifest itself 
in the hold back air flow curves, since it is largely offset 
by the increase in distance through which mixing must take 
place, to achieve comparable results with those obtained from 
shallower beds.
The parallelism exhibited by the curves for high and 
low solid flow rates at a given bed height are an encouraging 
reflection on the reliability of the analytical procedures, 
since this is exactly what is expected from theoretical consider­
ations, except for extreme values of hold backo
There would appear to be a continuous decrease in 
mixing rate when expressed as a function of bed height; this 
is, however, not predicted by the theory.1 It should be noted
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that here mixing rate does not have the meaning of diffusivity 
and such being the case is a somewhat artificial value0 Hold 
back is itself not a very adequate characterisation since it 
is very insensitive at the extremes of its range, as Fig.-2^ 
will showo
The reduction in mixing effect noted above may be due 
to a reduction in end effects as the bed height increases, or 
to some shortcoming in the method chosen to define the minimum 
fluidising rate.
i
At this point it should be mentioned that the mean 
residence times for each bed height are not necessarily the same, 
as only two solid flow rates were used over five bed heights.
For the same reason it is not possible to make direct comparisons 
with the plots for tapered beds in these co-ordinates0
Many workers have found that mixing deviates very 
little from the perfect mixing case over the whole range of 
flow values examined. On the, other hand it may be seen from 
the above-mentioned curves that in the case of deep beds, i.e. 
those over four feet, perfect mixing is not even approached in 
cylindrical bed until air flows above 2 G0 - 3 G0 .
The hold back versus air rate curves obtained for the 
"Harwell” tapered tubes show a very rapid rise in hold back with 
increasing air flow at rates, little above G0 , much more so than.. . 
occurs in cylindrical bedso This supports the visual evidence, 
that the whole bed would suddenly become fluidised, with more
2?0
violent agitation near the base, indicating that these beds 
were over-tapered. This suspicion is further reinforced by the 
observation that air bubbles which originated near the 
distributor disappeared on their way up the bed.
These curves, unlike those for the cylindrical tube, 
do not exhibit a sharp break point, but reach a maximum value 
of hold back, in the vicinity of 1.3 Go* from which point they 
fall away with gradually decreasing gradient to a minimum 
between 1.8 G0 and 2o0 G0 , from where the curve starts to rise 
once more. If, as is suspected, these tubes are over-tapered, 
their performance at higher gas rates should tend to suppress 
slugging, owing to the fact that as the bed expands not only 
does its mean density decrease, thus increasing still further 
the effective taper, but the cross-sectional area at the top 
of the bed increases, this meaning that it will be fluidised at 
a lower value of G0 than some sections further down the bed.
As a consequence slugs are broken up before travelling far.
Another feature of these curves is that, contrary to
expectations, the maximum value of hold back increases with bed
height. A possible explanation may be ascribed to the fact 
that the cross-sectional area at the upper surface of the bed 
is considerably greater than that of the cylindrical bed, 
especially for deep beds. Thus the effective aspect ratio is, .. 
reduced and the area available to mixing is increased. Again?
the bed volume is greater in the case of the "Harwell" tubes
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than for a cylindrical bed of the same height; this means that 
as the flow rate is constant the material in the "Harwell" 
beds is exposed to a greater number of "mixing events".
The hold back - air flow curves obtained for the 
"Ideal" tapered tubes are much closer to those predicted by 
theoretical considerations of the optimum taper necessary to 
reduce mixing rates. It will be seen that the same initial 
increase in hold back takes place as occurred with both profiles 
already considered. The gradients of these initial portions 
are, however, considerably less severe than those of the Harwell 
tubes, and roughly the same as those of the cylindrical beds 
of appropriate depth.
A maximum value of hold back also occurs as in the 
other cases, but the air flow value at which it manifests itself 
will be seen to increase with increasing bed height, the effect 
probably not being very well defined at bed heights below three 
to four feet.
Diffusivity - air rate curves
As a result of the close agreement existing between 
the curves obtained when diffusivity is plotted against air 
rate for both Brenner and Dankwerts’ values, it will be. clear 
that a separate study of each is not called for, except...to 
explain an apparent inconsistency in. the case of the cylindrical 
beds. When the Brenner values of diffusivity were obtained it
2?2
will be recalled that hold back figures were used in their 
computationo It is quite apparent from a study of the hold 
back: curves and from previous discussion that a change of mechanism: 
takes place at an air rate of 1» 3 G0 ; this accounts for the 
abrupt transition shown in the diffusivity curves for cylindrical 
b eds o
However, in arriving at a value of diffusivity using j
the "Modified Dankwerts9 Equation" a curve-fitting technique was 
used, . the criterion of best fit being that the sum of the
squares of the differences between 10 calculated and 10
experimental values of relative concentration should be a minimum. | 
Thus it can be seen that ideally the sum of the suqres should be 
quoted and incorporated in any correlation between diffusivity 
and air rate. This would, however, involve a very lengthy .j
procedure, and still not account for the cases when the mixing 
process was not of a diffusional nature. Fortunately the two 
values for diffusivity were found to be in good agreement, so 
i t was decided not to correct those obtained by the Modified I
Dankwerts9 method any further. !
As mentioned earlier, when calculating diffusivity at j
constant bed height and air rate, with variation only in solid i'j
!
flow rate, the values obtained should ideally be unaffected by 
this variationo j
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The impression gained from visual observation of the 
b ehaviour of the 15" cylindrical bed as well as that formed from 
the graphical plots under discussion, was that the mixing 
process was quite different from that occurring in deeper beds. 
This is borne out by the plot of diffusivity versus air rate, 
which indicates that there is probably a critical height to 
diameter ratio for each system; in this case it lies somewhere 
between 15" and 24"° This ratio will also be dependent upon bed 
diameter as well as solid density, distributor design, particle 
size etc.
As with the hold back curves, those for diffusivity 
pass through maxima and temporarily decrease with increasing 
air rate. These maxima would appear to pass through a minimum 
in the region of bed heights between 24" and 66" with the 
cylindrical bed design. The trend is, however, not defined 
with sufficient accuracy for this to be established with 
confidence.
In general as bed height increases so does the 
proximity of the curves for high and low solid flow rates for a 
given bed heights so much so that for the 66" bed the two 
curves are indistinguishable. The apparently anomalous result 
o f the 32" bed cannot readily be explained by any of the hypo- 
% theses put forward in this work.
The results obtained from "Harwell" tapered beds 
again show, when plotted in these co-ordinates, very distinct 
maxima in the two deepest beds, the curves, however, being smooth.
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The 24" "bed showed no pronounced maximum and differed little 
from that of the 24" cylindrical bed except that no break point 
i s indicated s
As before, the general impression is that at higher 
air rates the "Harwell" taper will suppress the mixing rate, 
whilst at low rates it is inferior to or no better than the 
cylindrical bed from the point of view of reducing the diffusivity.
On the other hand the diffusivity curves obtained 
from runs on the "Ideal" tapered tubes show very much reduced 
mixing rates up to 1*25 G0 ^be case of the 24" bed, after 
which rate the diffusivity is greater than for the corresponding 
cylindrical bed until a value of 2 G0, when the "Ideal" taper 
i s once again superior.. The reason for this better performance 
i s that mentioned earlier in the discussion of the hold back 
curves obtained for "Harwell" tapered beds.
This reduced mixing effect again extends to 1»25 G0 
in the case of the 48" bed after which rate its performance is 
inferior to that of the cylindrical bed up to an air flow of 
108 G0, above which it seems likely that the positions are once 
again reversed..
The most striking comparison occurs with the 66" 
beds, where the Ideal taper exhibits a markedly lower .diffusivity 
up to a flow rate of 1*45 ^0y a^^er which it is only marginally j 
greater than that for. the.cylindrical bed until the higherugas 
rates, when it is doubtless once again lowero The performance
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at these higher rates has yet to be investigated, but all the 
indications point in this direction..
A comparison of the "Ideal" and "Harwell" tapers, on 
the basis of these graphical plots, is most instructive. It 
shows that except for the period between 1.4 G0 and 108 G0 in 
the case of the 24" beds, the Ideal curves are below those for 
the corresponding "Harwell" tubes. Another feature of interest 
is that whilst the "Ideal" curves show a decrease in diffusivity 
with increase in bed height, the Harwell curves show an increase 
in diffusivity. Further, in the ease of the 66" tubes up to an 
air rate of 1.3 G0 the Ideal curve is an order of magnitude or 
more below the Harwell curve for a given flow ratio.
Two factors of major importance must be mentioned here 
in order to avoid misrepresentation or confusion. In all cases 
the air rate required to produce minimum fluidisation in the 
Ideal tapered tubes was considerably below that required by 
Harwell tubes of corresponding height, being of the order of 
30fo below. Had the results of this work been plotted as 
diffusivity or hold back against air rate in litres/min. as 
opposed to flow ratio, a very different picture would have 
emerged. It was felt, however, that a better representation of 
the facts and an easier; comparison with the results- of„ other, 
workers would ensue if the existing course were adopted.
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The second point is one which has been made earlier, 
namely that the cross-sectional area of Harwell beds is 
greater than that, in all cases and at any height, of the 
corresponding Ideal and cylindrical beds, the same applying 
to the relationship between Ideal beds and the corresponding 
cylindrical oneso This tends to reduce the validity .of the 
method of comparison on the basis of aspect ratio. Since a 
suitable alternative was not available and did not suggest 
itself to the author it was decided to persevere with the old 
method, carrying a mental reservation as to its possible defects. 
If this problem could be resolved it would result in the 
performance of both Harwell and Ideal tapers being improved in 
the above comparison, with relation to the cylindrical beds: 
so much so that the deepest Ideal bed would undoubtedly exhibit 
a lower value of diffusivity at all air rates than the deepest 
cylindrical bed.
Another factor which emerges is that despite the 
precautions taken with the copper-niekel system with a view to 
eliminating the effects of a velocity profile in the solids 
flow, such an effect made itself apparent in the results.
The earlier work conducted with ballotini, using a single solid 
offtake at the centre of the distribution plate, showed that 
the profile was so well established that in the case of a 24” 
bed it could cause the F-curve break-away from zero concentration 
to occur some 15i° earlier than predicted 5 Figo (2/). Many of
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the F-curves obtained using the copper-nickel system show 
evidence of the superimposition of characteristic concentration 
profile curves such as may be found in Figo ('3) upon those 
demanded by a diffusional hypothesise
It is here that the analytical method of Westerterp 
and Landsman is of greatest use in that as used it is not 
sensitive to displacement along the reduced time axis. With 
deep beds the runs conducted at flow rates well below that 
required to produce fluidisation indicated that the concentration 
profile did not present a serious source of error, but that in 
beds as shallow as 15” or 24" it could assume some importance.
It is difficult to envisage the establishment of a concentration 
profile in a bed that is fluidised to any noticeable extent.
Such an effect was nevertheless observed by Gubbins (56), and 
has made itself apparent in this work although in a considerably 
attenuated form.
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(b) GENERAL DISCUSSION
Initially before any exploratory work had been 
carried out with ballotini it had been hoped to conduct the 
experimental work on a factorially planned basis: that is
following a statistically designed set of runs in which several 
of the variables may be altered between consecutive runs, these 
being conducted in a random order, so as to eliminate as far as 
possible all effects save those due to variation in the 
parameters of interest. For such a method to be successful 
it is necessary for there to be a continuous relationship 
between each of the variables and the quantity which is being 
used as a characterisation of the system, in this case hold 
back or diffusivity.
This last condition was not found to hold on the 
completion of the initial runs with.ballotini, there being a 
sharp discontinuity in the relationship between hold back and 
air rate; a smooth, almost linear relationship existing up 
to the onset of slugging at which point it is thought the 
mixing mechanism underwent a complete changes diffusion type 
mixing being replaced by some other process. Since the dis­
continuity or break point occurred well within the range of 
air flows of interest, it was thought advisable to perform runs 
at a large number of air flow levels in order to determine 
the more accurately the value at which it occurred. Also it
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was not convenient to perform consecutive runs in a random 
order as this would often involve complete dismantling of the 
bed between successive runs.
Thus it was decided to follow the classical approach 
and change only one variable at a time, even though this 
involved a considerable amount of extra work.
It was assumed in all calculations that plug-flow 
of solids took place in the flow controller and the lines 
leading to it. This was borne out by tests made in the 
exploratory work, the deviation from plug-flow in conjunction 
with the small volume of the meter and lines being negligible 
even at low bed heights.
Method of outflow analysis
The method of outflow analysis initially adopted 
for use with the ballotini system proved itself to be unsatis- 
sfactory in that it produced widely scattered results within 
the treatment of the samples of any one run. This was not 
necessarily due to any fault inherent in the analytical method, 
but to the limitations in sampling. When this analysis was
subject to such modifications as occurred in the system under
consideration, mainly as a result of the existence of a velocity 
profile in the solid flow, and also to defects in sampling 
technique, it was found that little confidence could be placed
in the results obtained by its use. A further point is that
unless only a few runs are to be performed or a large body of 
assistants available, the quantity of work to be performed to 
obtain, aoottrate results ia prohibitive^«
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On the other hand the analysis of outflow in the 
copper-nickel system was rapidly performed* with good 
reproducibility, and a continuous trace provided* this being 
particularly valuable in the case of shallow beds at low air 
rates when the number of macroscopic mixing events occurring 
within the turnover time is small, the result being that the 
outflow shows sudden large fluctuations in tracer concentration, 
these being as great as 5$ in some cases. These fluctuations 
possibly give rise to misleading results if a maximum number 
of samples of only ten is available»
C-diagrams were not produced using the above method, 
owing to the fact that the detector response was linear only 
up to a nickel concentration of 6fo. This value would have to 
correspond to the peak of the C-diagram, which is normally 
very much greater than the mean concentration value, this being 
so in many cases of interest in the series of runs plannedo 
As a consequence of this much of the flow through the detector 
would be of a very low nickel concentration, for which a 
different apparatus from that described earlier would be 
necessary to achieve reliable resultso
F-diagrams particularly lend themselves to analysis 
by this method if the test section is initially charged with 
a relatively high concentration of tracer„ This means that 
for the most important and least predictable portion of the 
curve, that just after lift off from the initial concentration
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value, the method is at its most accurate, any reduction 
occurring at low tracer concentrations, when the f,tailH of 
the curve is being produced, this being the section most 
readily predicted..
Cylindrical beds
The behaviour of these beds was very much as anticipated, 
the effective diffusivity remaining fairly constant, decreasing 
slightly with increasing bed height, for a given air flow 
ratioo One disadvantage exhibited by all these beds, to a 
greater extent as bed height increased, was that periods of 
non-fluidisation were separated by periods of uneven and violent 
fluidisation, once slugging had become established, this 
resulting in a most inefficient utilisation of the fluidising 
gas o
A curve characteristic of all cylindrical beds would 
climb to a maximum value of diffusivity with increasing air- 
rate, until the onset of slugging, at which point it would fall 
suddenly to a considerably lower value, from where it would 
rise once more but usually at a reduced rateo
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Harwell taper
The beds designed on the basis of maintaining a 
constant interstitial fluidising gas Telocity throughout 
exhibited very different behaviour from that expected* or 
indeed reported by other workers. The first anomaly to be 
observed was that the effective diffusivity increased with bed 
height for any given flow ratio above 1,15 G0? although this 
is partially explained by the increasing cross-sectional area 
available with increasing bed height, the area at the upper 
bed surface in the 66" Harwell bed being twice that at the base 
of the same bedo
All beds designed to the Harwell criteria required 
greater fluidising gas flows first to achieve fluidisation 
than did the corresponding cylindrical beds. The onset of 
fluidisation was characterised when it occurred by the 
appearance of bubbles at the base of the bed, a fair proportion 
of these disappearing before reaching the upper surface.
Slugging was very much reduced, this no doubt being 
due to the increase in cross-sectional area with bed height, 
which limited bed expansion considerably since the fluidised 
state could not be supported above a certain height for a given 
air flow. It had been hoped that with what might be termed a 
relatively quiescent layer at the top of the bed the rate of 
mixing would be reduced in the lower parts. This was, however, 
not found to be so, once fluidisation had commenced. The
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greatest effect produced by this quiescent layer was to 
suppress the onset of fluidisation to higher air flow values 
than observed with equivalent cylindrical beds*
M Ideal taper1
Those beds constructed in accordance with the theory 
expanded earlier, that the drag force on each particle in a 
fluidised bed may be a function of both the fluidising gas 
velocity and the gas density, behaved on the whole in a much 
more predictable and satisfactory manner than the Harwell 
tapered tubese
All beds showed a greatly reduced effective 
diffusivity, up to air flows of 1o25 G0 , the 66” bed being 
especially remarkable in this respect, whilst there was little 
difference between the curves for the 24" and 48" bedso
Slugging presented no problem within the range of 
variables considered, and a further reduced mixing rate at 
higher air flows may confidently be predicted* This is 
doubtless for the same reasons outlined below in the preceding 
section, although the effect will be less well definedo
A point of considerable interest is that the onset 
of fluidisation in all beds occurred at very much lower air 
flows than for the corresponding Harwell or cylindrical beds* 
This could well lead to a great saving in fluidised.processes, 
which at the moment are required to operate with a greater 
stoichemetric quantity of fluidising gas, to achieve the- , 
fluidised state. Also a reduction in pumping costs.may be
'-’E x p e c t e d : ? ' -0. ■ '
    :  ,>.
Comparison with other work
As a consequence of the apparently important r81e 
played by particle size range and size distribution within 
that range, objective comparison with the work of the relatively 
few investigations in this field is rendered impossible. A 
few general observations may not, however, be out of place.
The work of Levey et al. (l) as described earlier showed that 
a considerable reduction in the degree of mixing was to be 
expected, if tapered beds were employed in place of the 
conventional cylindrical type. The beds described in that 
paper were under tapered on the basis of the theory they 
advanced. This would place the beds somewhere in the range 
between Harwell and Ideal designs, the particle size range 
used in their work being 20 - 40 mesh, very little bed expansion 
occurring before the onset of fluidisation.
The work of Sutherland (2) with accurately profiled 
beds to the Harwell design, reports results which indicate 
that any tapering effect is negligible above 1.2 G0, and at 
heights below 4 %  this work being conducted with particles in 
the range 30 - 52 mesh.
It is not suggested in the section on bed design that 
the effects of changing gas density as it passes up the bed 
on the total drag force are fully established in the systems 
under consideration, the Ideal profile itself being merely an 
approximation chosen to simplify design and test the feasibility
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of the hypothesise Should the effect of changing density not 
be fully established the optimum design of taper would call 
for a profile lying somewhere between those of Ideal and 
Harwell designs.
Thus in view of the lack of data and insight into 
the mechanisms at work in this particular aspect of the 
fluidisation process, it is probably the wisest course to design 
on the basis of the air rates required just to cause movement 
at the top and bottom of the bed. The criteria are* as a 
results those which apply specifically to the particular system 
of interesto The use and extrapolation of correlations is thus 
avoided9 which may be regarded as an aid to accuracy in this 
case, in view of the notorious unreliability and large standard 
deviations exhibited by many of these latter0
The existence of a concentration profile at low air 
rates was observed despite efforts taken to reduce such an 
effecto Its presence was most apparent at low bed heights, 
whilst in the 66" bed it was barely detectable0 It is not felt 
for any case studied that the error attributable to this effect 
is large enough materially to affect the general behaviour 
observed•
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Treatment of results
Of the three methods used the most elegant is the 
curve fitting to a Modification Dankwerts* Equation0 This is 
shown to give results which are in very good agreement with 
those obtained using hold back as the characterising parameter 
The method of Westerterp and Landsman in many instances* 
especially at air flows below the slugging point* gave values 
for diffusivity which confirmed those obtained by the other 
two alternativeso
For a fuller utilisation of the results it would be 
necessary to be acquainted with the rate processes for a 
specific fluidised system* so that the variation of percentage 
conversion with diffusivity* and the factors governing its 
variation9 could be computed.»
An increase in reliability and accuracy would no 
doubt have resulted had all runs been conducted in such a 
manner that the Peclet Number for the resulting F-diagram lay 
between* say* four and 20o For it is in this region that the 
curves are best defined9 and in which the effects of any 
velocity profile are not readily detectable° To carry out such 
a programme would have required much extra work once the planned 
series'had commencedo The simplest method of achieving this 
is;to adjust the solids flow rate to the required value* this 
having little effect on diffusivity in the ranges observed0 To 
avoid much tedious effort a more sophisticated solids flow 
control system would be required* such as a modification of the 
flow controller mentioned earlier ia this work - Figo (4-)«
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The results of work performed* as outlined in the 
foregoing sections, are expressed either as a diffusivity or 
as a hold back value, for each different setting of the 
variableso This is quite satisfactory in the case of diffusivity 
as the variation in this quantity can give one an insight into 
the mechanisms at work in the bedo With the hold back value, 
however, the picture is somewhat different0 Hold back is, in 
Dankwerts8 words, the fraction of the vessel still occupied by 
white fluid after a volume of red fluid equal to the vessel 
volume has flowed into the experimental section., In other 
words it is the fraction of material which has been in the 
vessel for a period of time longer than the mean residence time.
Thus if the reactor is designed on a plug-flow basis, 
this fraction of material has been over processed. For a 
reaction whose rate is constant throughout, the hold back value 
would be of direct use in comparing reactor performance. 
Unfortunately few processes conduct themselves on such a basis. 
One such, which is performed in fluidised beds, is the drying 
of wheat, and other materials. Even then its usefulness is 
limited to the interval before the commencement of the falling 
rate period; this is then only a very limited application.
Each designer must, when he has discovered the rate 
equation governing the conversion in his process, perform a 
graphical integration on the F~diagram to evaluate the effect 
on his particular process. The procedure is first to find a
288
relationship between the time elapsed and the percentage 
conversion; then taking elements of thickness ^ P(t) and 
length t, evaluate l(t) the percentage conversion after time t. 
Then sum X(t) i>P(t) between F(t) equal to 1 and 0» The extent 
to which the reaction is to have proceeded by the mean residence 
time must also be statedo
As there are, of course, many different equations 
governing the reaction kinetics, it was decided not to treat 
the results in this way since any such attempt must be incomplete.
Pressure drop air rate plots have not been included 
in this work for the sake of brevity, also since their form 
was similar to that reported by many earlier workers <> Minimum 
fluidising rates are quoted against each run in the tabulated 
resultso
In the case of ballotini these curves were found to 
b e not readily reproducible and affected to a considerable extent 
by the humidity of the fluidising gas» This may be due in part 
to the fact that all the glass particles were coated with a 
layer of perspex, a situation which has not occurred with other 
workers; Cocquerel coated only a small proportion of the total 
material with perspex and dye in this manner.
The effect of increasing humidity seemed to be to 
increase the tendency of the particles to form into aggregates, 
sometimes to such an extent that solid slugs would rise the 
whole length of the tube. When material Iwhich exhibited this
tendency was allowed to flow through one of the Solids flow 
control meters a higher flow rate than normal ?/as recorded.
This same material when heated in an oven at 110°C. for some 
hours, and further tested in the same way, gave lower readings 
of flow than normal°
As a result of these observations it was decided in 
all runs using ballotini to make the rate of flow through the 
flow meter the criterion of suitability of material condition.
The effect of humidity on the shape of the pressure 
drop versus air flow curves was to decrease the gradient of 
the sloping portion of the curve whilst the horizontal portion 
remained unchanged in value.
During the course of runs with both ballotini and 
copper, quite powerful electrostatic effects made themselves 
felt, discharges 2ff - in length being observed. In the runs 
involving ballotini, the bed itself acted as an insulator, no 
simple remedy being available. The tubes themselves, since 
they were constructed from perspex or fibre-glass, were also 
insulators. The solid flow meters were, however, earthed, as 
it was found that the passage of glass through them tended to 
build up a charge which, unless dissipated whilst small in value, 
affected the solid flow rate.
So far as the eopper-nickel system was concerned no 
effects were observed other than in connection with flow through 
the meters, or on feeding solids into the bed when a charge was
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generated by friction with the bed walls above the upper solid 
surface. With this system the distributor plate and both 
meters were earthed, to avoid any disturbances by such effects.
The severe effects of variables outside the control 
of the experimenter and the inaccuracy of the analytical methods 
led to the decision to discard all runs made with ballotini 
as far as computation of hold back and diffusivity was concerned 
However, as indicators of well-established trends they were 
invaluable and enabled work with the copper-niekel system to 
be the better planned.
It should be mentioned here that Cocquerel used the 
same analytical method and found it quite suitable. In his 
case, however, only a small proportion of the material 
fluidised was surface coated, as opposed to the entire batch 
in this work. This last fact no doubt accounted for the 
unprecedented behaviour of the beds of ballotini. Other 
workers have apparently not suffered from such behaviour. The 
air rates used by Cocquerel and others were in the main of 
such a magnitude that these effects would tend to be minimised, 
owing to the violent agitation taking place.
Whilst probing the bed with a thin rod at various 
stages of fluidisation, it was noted that when slugging took 
place the plugs of solid, although fluidised at their upper 
surface, were uufluidised at lower levels. Thus a situation 
can be envisaged when the transfer of material by a diffusion
type mechanism is greater than that occurring in a bed that is 
fluidised more vigorously at less frequent intervals, the 
p eriods of fluidisation being in fact separated by periods of 
non-fluidisation in which the behaviour was that of a fixed bed. 
This is what was found to occur, especially in the deeper beds 
where slugging was more severe. A maximum value of solid 
transfer by the diffusion type mechanism is observed to occur 
just before the visible onset of slugging, after which the 
mechanism of transfer changes and the "effective diffusivity” 
temporarily reduced, later to continue increasing with air-rate.
It is quite probable that the bed taper best suited 
to the suppression of slugging and the encouragement of smooth 
fluidisation is not that which in this work is somewhat 
tendentiously labelled as "Ideal”. The reason for this is not 
only as outlined earlier, in the section on bed design, but 
also because it is not known whether the effect of changing 
gas density through the bed is fully established in the ranges 
of variables studied, especially with regard to particle size 
and distribution within the size range. It may be stated with 
reasonable certainty that the most suitable taper lies somewhere 
between the two cases studied, i.e. Ideal and Harwell tapers.
The best design is clearly seen to be affected by 
several variables outside the scope of this work. Thus it is 
probably safest, bearing in mind the present extent of knowledge 
on the subject, to design on the basis of the flow rates required, 
just to fluidise the top and bottom of the cylindrical bed of
292
As may be seen from Figo (27), the existence of a 
marked velocity profile has been established at flow rates 
b elow that necessary for f luidisation.. Had it been possible 
to take much smaller samples, the effect would have been even , 
more clearly defined• The quantity of material abstracted 
from the bed was unfortunately large and thus distorted the 
true profile.. It is a matter of conjecture as to whether this 
profile exists when the bed is fluidised! the indications seem 
to be that a reduced effect is present at low air rates, 
especially in the shallower Harwell and Ideal tapered beds..
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Chapter 10 
CONCLUSIONS
The set of design criteria presented here have been 
shown to give most encouraging results when compared with those 
developed by other workers. It is not suggested that the use 
of these criteria results in the attainment of the optimum 
fluidising conditions, the indications being that the taper 
required to produce these lies somewhere between the Ideal and 
Harwell values.
A new method of solids outflow analysis has been 
developed and found to be completely satisfactory over the 
range of variables studied. This method results in a 
considerable improvement in the accuracy with which the F- 
curve may be defined owing to its being continuous <> Other 
advantages are that only small quantities of a tracer material 
need be used, whose flow properties and density are identical 
with that of the bulk of the bed; the tracer is readily 
separated from the bed outflow for further use; no change in 
the property used for detection takes place with time, as 
occurs with radio-active tracers. A disadvantage is that 
the method is confined to only a few systems.
The air flow required just to fluidise the "Ideal” j
tapered beds was found to be considerably below that necessary j 
for fluidisation in the equivalent cylindrical beds, whilst the j 
minimum fluidising air rate for "Harwell." tapered beds was found | 
to be somewhat greater than for the corresponding cylindrical bed.
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A small increase in minimum fluidising air rate was 
observed to occur with increase in bed height; this is contrary 
to the experience of many other workers, who have found no such 
increase. They, however, used beds of relatively light particles 
where the effects of changing density and velocity along the 
bed would be small. This increase may be regarded as being 
due to a defect in the method of defining the minimum fluidising 
velocity used here, or as further confirmation of the hypothesis 
put forward in Chapter of this work concerning the effect 
of changing density and pressure of the fluidising gas upon 
the minimum fluidising air rate.
Bed height has been observed to have only a slight 
effect upon the diffusivity in cylindrical beds once the 
critical bed depth has been exceeded. A very well defined 
effect was noted in the case of the Harwell tapered tubes at 
flow ratios up to 1.4 G0, the diffusivity increasing with 
increasing bed height. For both cylindrical and "Ideal” 
tapered beds the diffusivity decreased with increase in height.
Increase in the degree of taper has the effect of 
decreasing the tendency towards slugging; this is especially 
so at higher air rates, the result of this being a decrease in 
the diffusivity.
The existence of a solids velocity profile has been 
established, although no work was performed to ascertain its 
shape or extent. The profile seems to exist even when the bed
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is fluidised; however, it soon becomes insignificant with 
increasing air rate. The effect is, as would be expected, most 
pronounced in shallow beds at low air flow ratios in the beds 
designed to promote uniform fluidisation.
Solids flow rate has been shown to have little if any 
effect on the diffusivity especially in deep beds, this being 
predicted by theoretical considerations.
The good agreement existing between the results 
obtained by use of the methods of Brenner, Modified Dankwerts 
and Westerterp and Landsman, each of which is developed on the 
assumption that the mixing process is of a diffusional nature, 
would seem to indicate that such a mechanism may be used to 
characterise the mixing of solids in a fluidised bed, under 
similar conditions to those encountered in this work.
With the data available at present the designer of a 
tapered bed is probably best advised to conduct measurements 
upon beds of the actual depth to be used, to obtain values of 
the air rates required just to fluidise the two ends of the bed. 
It is felt that this method will give more satisfactory results 
than any relying upon purely theoretical considerations.
Particle size would from a comparison with the work 
of others seem to play a very important rdle in influencing the 
quality of fluidisation. The extent of this influence has 
not been investigated owing to the very considerable practical 
difficulties entailed, but its effect has been noted.
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